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Abstract 
The thesis entitled "Spectroscopic Study of some Highly Charged Ions using 
Beam-Foil Spectroscopy" documents the developmental and research work 
done by the author in collaboration with atomic physics group at Inter Uni-
versity Accelerator Center (lUAC). Most of the work reported in the thesis 
has been carried out using high energy beams of various ion species obtained 
from 15 Unit Double (UD) pelletron accelerator facility available at lUAC. 
Chapter 1: Highly charged ions and beam-foil spectroscopy 
This chapter is introductory in nature, and deals with the survey of relevant 
literature cited with proper references. It starts with the theoretical descrip-
tion of the highly charged ions. Spectral features of these ions like spectra 
of singly and doubly excited states, forbidden states. Auger emitting states 
etc. have been discussed in the beginning of the chapter. 
Rest of the chapter is devoted to the technique of beam-foil spectroscopy. 
Various developments that have taken place during last four decades in the 
field of beam-foil spectroscopy have been highhghted. Basic methodology of 
the technique has been discussed in detail. The advantages and disadvan-
tages of the beam-foil spectroscopy have been brought under discussion in 
this chapter. Beam two-foil spectroscopy, a variant of standard beam-foil 
spectroscopy has also been brought under focuss. Post-foil distribution of 
various excited states in the ion beams emerging from the foil have been 
discussed at the end of the chapter. 
Chapter 2: Facility development for the study of highly charged 
ions 
The chapter presents hardware details of the experimental setup indigenously 
designed and locally fabricated by the author in collaboration with atomic 
physics group at lUAC. 
The setup has been utilized for structural and lifetime study of highly 
charged ions using beam-single and beam two-foil spectroscopy. For conve-
nience the chapter has been divided into various sections and sub-sections. 
Brief details of the existing accelerator facility at lUAC, utilized for the 
present research work, have been given in the first section. Second section 
describes the details of the general purpose atomic physics chamber. Ex-
perimental setup used for x-ray spectroscopy and lifetime measurement of 
metastable states of highly charged ions have also been brought under focus 
in the same section. A brief description of the radiation and particle detec-
tors have also been given. The last few sections are based on the target foil 
preparation, thickness measurement, electronic and data acquisition setup 
etc. 
Chapter 3: Lifetime measurement of Is2s2p ^P^V state of He-like 
Ti 
Ill 
The chapter reports detailed investigation for the mean lifetime measure-
ment of Li-like Is2s2p '^P^/2 level lifetime in 22Ti, an ion having zero nuclear 
spin, for the first time using it x-ray decay channel. The lifetime for this 
level was determined by Dohmann employing a method based on the Auger 
electron emission process Is2s2p "^ P^ V " (1^^ ^^o + c")' i"^  which an elec-
trostatic cylindrical mirror analyzer was used. Although this technique is 
free from satellite blending and the influence of cascades has been taken 
into account a discrepancy persists between the experimental value 236 ±12 
ps of Dohmann and theoretical estimates 205 ps and 212 ps. The origin 
of this discrepancy is addressed in the current experimental approach and 
analysis technique. The lifetime so extracted by two successive experiments 
200itl2 ps and 210.5±13.5 ps, are at a higher degree of consistency with 
the theoretical predictions. Successful elimination of blending and cascad-
ing contributions from a measurement leaves hyperfine quenching as the sole 
possible source of discrepancy between experimental and theoretical lifetimes 
in non-zero nuclear spin He-like and Li-like ions. 
Chapter 4: State-selective excitation of Rydberg levels in beam-foil 
spectra 
State selective excitation in beam-foil experiments is not possible because of 
the fact that beam-foil interactions are statistical in nature. However, we 
have observed that in beam-foil experiments a few Rydberg states are selec-
tively populated, which seems due to some sort of resonant phenomenon. 
In a series of beam-foil experiments we consistently observed a few x-ray 
lines appearing in the spectra whose intensity grows after a long time after 
IV 
the beam-foil excitation. In this chapter we report experimental observation 
of 6.95 keV x-ray peak in the post-foil spectra of 164 MeV Fe beam, made 
incident on 90 /ig/cm^ carbon-foil. Intensity plot of this 6.95 keV peak as a 
function of time exhibits hump like structures in the long lived component 
of the decay curve. Possible origin of such delayed hump like structure may 
be due to decay of high-n Rydberg states populated as a result of beam-foil 
interaction. Experimental data have been analyzed in the light of a cascade 
model derived on the basis of ladder-like de-excitation chain and the Bethe 
and Salpeter hypothesis on the transition probabilities. The model predicts 
that only a few high-n Rydberg (n = 18, / = 16 and n = 17, / = 16) levels are 
populated non-statistically. The stepwise decay from these levels to the level 
under observation give rise to the sharp hump like structure in the intensity 
decay curve. 
Chapter 5: Observation of a fev^ new lines in the beam-foil spectra 
of V, Fe and Ni 
It has been observed that Beam-foil experiments with beam energies above 
the coulomb barrier may produce lines of heavier ions than the projectile 
ion. Time dependence of such lines shows a peculiar structure. This chapter 
reports systematic experimental study of such unexpected lines in the beam-
foil spectra of various ions like V, Fe and Ni, which cannot be attributed to 
the parent ion, rather these lines can be attributed to heavier ions produced 
due the nuclear transfers taking place as a result of beam-foil interaction. 
Such an aspect of beam-foil spectroscopy may be used to investigate atomic 
structure formation of new born ion species due to various nuclear transfer 
processes. Peculiar time dependence of such lines have also been brought 
into focus in this chapter 
Chapter 5: Summary and scope for future research work 
The chapter briefly summarizes, the developmental and research work done 
by author of the thesis. It also presents scope of further studies which are 
possible and can be taken up using the facility developed at lUAC. 
At the end a few of the photo graphic plates of the facility and the relevant 
publications have been included in the thesis. 
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Chapter 1 
Highly charged ions and beam-foil 
spectroscopy 
1.1 Introduction 
The Chapter presents systematic literature survey relevant to the accelerators, highly 
charged ion, features of beam-foil spectra, beam-foil spectroscopy, beam two-foil spec-
troscopy, time of flight technique etc. 
1.2 Highly charged ions 
The functional definition of a "highly charged ion" varies. To many, it refers to an atom 
that is missing more than one or two electrons, to others, severed dozen electrons must be 
missing before the label "highly charged" is used. A highly charged ion in general may 
be defined as an atom that has been stripped of a large number of electrons {Q >> 1, 
Q is the number of electrons stripped from the atom), so that the total energy yielded 
during re-neutralization [Eg) is outside the realm of ordinary experience with laboratory 
ions {Eo >> 10 eV). 
The definition of highly charged ions overlaps with what are frequently referred to 
as multiply charged or multicharged ions at the lower end of the spectrum (typically 
(3 = 2 - 9 , with Eg < 1000 eV), as well as what are some times called very highly 
charged ions at the upper end of the spectrum (e.g., Q = 92 with £•(, ~ 750000 eV). The 
tremendous variety of highly charged ions makes almost every generalized conclusion and 
"rule of the thumb" in the field, but it also opens up an enormous range of possibilities 
1.3 Features of highly charged ions 
for discovery. 
Physics of hi^>1y charged ions is not only a field of extraordinary richness in specific 
physical phenomenon but also part of atomic physics that cross-correlates with many 
other scientific disciplines such as plasma physics, heavy ion physics, etc. Apart from its 
pure scientific importance, the physics of highly charged ions also has strong impact on 
research in several applied sciences and technological areas (for example in fusion research 
and material science) which provides a further stimulus for the development of this field. 
Physics of highly charged ions is of immense importance from astrophysical point of 
view as most of the universe consists of highly charged matter [1], It is exceedingly rare 
on Earth and because we are blindfolded from observing cosmic sources by the relatively 
high x-ray absorption of our atmosphere, the scientific study and application of highly 
charged matter have been limited. Atomic physics and conventional ion beam technologies 
were developed in the virtual absence of laboratory access to highly charged ions. Today, 
powerful devices are available that can preferentially produce any ionization stage of any 
naturally occurring atom. Some of these devices [2] are small enough to fit on a tabletop. 
Others are huge devices that can produce ions travelling near the speed of light [3]. 
These two extremes have their own particular applications, but they share the property 
of providing a window into a part of the universe that is still relatively unexplored and that 
can be expected to impact a variety of fields. More details and breadth of coverage of the 
fundamentals can be found in comprehensive reviews, books and conference proceedings 
[4-7]. 
1.3 Features of highly charged ions 
Highly charged ions have several properties that diflfer from those of neutral and semi-
neutral atoms. Since the nuclear charge Z greatly exceeds the charge of the remaining 
electrons, the electrostatic interaction is predominantly central. This might lead to the 
conclusion that the structure of highly charged ions is similar to that of neutral hydro-
gen. However, there are some resemblances, certain important differences also do exist. 
For example, the high value of Z causes contraction of the inner shells while the valence 
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electrons will be less localized. There are also large magnetic effects, which cause the 
fine structure splitting to exceed the electrostatic "gross structure" predominant in neu-
tral and semi-neutral ions, will encounter strong competition from forbidden transitions, 
i.e. magnetic dipole (Ml), magnetic quadrupole (M2), electric quadrupole (E2) and two 
photon decay (2E1) in case of highly charged ions. The transition rates for the forbidden 
decays scale with higher powers of Z than that of El transitions. For sufficiently high 
values of Z, the forbidden transitions may therefore dominate over the allowed ones. The 
effects of quantum electrodynamics (QED) also scale with higher powers of Z, and their 
importance grows in highly charged ions [8]. Even the effects of the nuclear structure 
manifest themselves in case of highly charged ions. 
Because of the above facts, spectra of highly charged ions possess a number of specific 
properties, essentially distinguishing them from the spectra of neutral atoms. Among 
these properties, one should mention the following: 
(i) The shift of radiation spectra from infrared and visible to the VUV and x-ray region, 
(ii) The growth of the ionization potentials up to several hundred or even thousand eV. 
(iii) An increase of the multiplet splitting proportional to z^, where z is a spectroscopic 
symbol of an ion, z = Z — A^  + 1, where Z is the nuclear charge on an ion and N is the 
total number of electrons. 
(iv) A deviation from the LS scheme of the angular momentum coupling towards an 
intermediate and J J coupling scheme. 
(v) An increase of the spectral line intensities, corresponding to forbidden transitions due 
to relativistic effects. 
(vi) The presence of so called satellite lines of highly charged ions, connected with the 
radiation decay of autoionizing states. 
A theoretical description of all such effects would involve the use of relativistic quan-
tum mechanics, including the accurate treatment of electron- electron effects. This is 
possible (in principle) within the framework of the Dirac formalism for a many electron 
atom, e.g. using the multiconfiguration Dirac-Fock (MCDF) approach. However, the 
QED effects must also be accurately calculated. These problems become particularly 
challenging when the various effects (electron correlation, relativity, QED etc.) have com-
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parable magnitudes, because in this case simplification based on perturbative treatments 
may not be adequate. Accurate experimental data provide useful tests of the merits and 
possible shortcomings of the various theoretical and computational methods, which are 
applied to describe and predict the structure of highly charged ions. Rather than being 
exotic, the highly charged ions dominate high temperature environments such as Solar 
Corona and Stellar and laboratory plasmas, and thus almost all matter in the universe is 
in ionized state. In such systems, the electron binding energy is very large and the strong 
Coulomb field has a long-range intensity that enhances interaction cross-sections. The re-
duced electron screening causes inner shell effects to become more important. All of these 
properties depend on Z, which can be treated as controllable experimental parameter if 
a sufficiently large and reliable data base can be followed along an isoelectronic sequence. 
Such banks on highly charged ions can be used to justify theoretical models which are 
used for simulation of astrophysical objects. The structure and spectra of highly charged 
ions in laboratory plasmas have been the subject of several reviews and monographs from 
experimental [8,9] and theoretical [10,11] point of view. The intensified spectroscopic re-
search of some selected isoelectronic sequences are caused by the interest to develop x-ray 
and VUV laser [12]. 
The need of recommended data for different physical applications has lead to the cre-
ation of several large atomic data banks organized for storage and exchange of radiative 
and collisional characteristics of highly charged ions. Among them are the NIST data 
bank [14], Belfast atomic data bank [15], Opacity Project data bank [16] and ALADDIN 
(IAEA) [17]. The development and availability of super computer facilities made it pos-
sible to create computer codes for calculation, with high accuracy, of the atomic wave 
functions, energy levels, transition probabilities, cross-sections and rate coefficients. Most 
popular codes utilized for estimation of various parameters of highly charged ions include 
SUPERSTRUCTURE [18], MCHF [19], AUTOSTRUCTURE [20], CATS [21], GRASP 
[22] and AUTOLSJ [23]. 
1.4 Beam-foil source and other spectroscopic sources 
1.4 Beam-foil source and other spectroscopic sources 
In last few decades there have been many creations and refinements of spectroscopic 
sources ranging from the traditional ones such as simple flames, arcs, sparks, and glow 
discharge to the more recently developed sources of highly charged ions such as plasma 
pinch discharges, laser induced plasmas, and the beam-foil radiation source with high 
incident beam-energy. Differences between the beam-foil source and the other spectro-
scopic sources stem primarily from the fact that the beam-foil excitation process occurs 
in a high density medium (a foil), while the de-excitation takes place spontaneously in a 
comparatively low density environment, i.e. a well evacuated target chamber with resid-
ual gas particles densities of order of 10^°/cm^. In most other sources, both the excitation 
and de-excitation events occur in the same medium, which is often restricted to a gas at 
some intermediate particle density. Where, it is desirable to maintain low density condi-
tions in such a source to minimize perturbation due to the spontaneous radiative process, 
it is of course equally desirable to operate the source at density as high as possible to 
maximize the excitation (some times ionization) efficiency. In the beam-foil arrangement, 
where different media are involved in excitation and de-excitation, these conditions can 
be satisfied without compromise. Source perturbation (which may plague other sources) 
such as inter ionic field, radiative recombination of beam ions, and stray electrons, reso-
nance reabsorption of emitted radiation, and the stimulated emission of the radiation are 
all negligibly small in the beam-foil source due to low beam particle densities (typically 
10^°/cm^). In most other sources encountered, excitation and de-excitation occur in the 
same medium and as a consequence the particle densities are at least several orders of 
magnitude higher. 
1.5 Beam-foil spectroscopy an overview 
Over forty years after the initial attempts of using Canal Rays by Wien and followers, time 
resolved studies of Kay [24] and Bashkin [25] showed the way by forcing an accelerated 
beam of atoms through a foil. The new field of study, thus born of the marriage of nuclear 
physics methods and classical spectroscopy, was named beam-foil spectroscopy. 
1.5 Beam-foil spectroscopy an overview 
During the last twenty years, beam-foil spectroscopy has been instrumental to signif-
icant technical advancements in the production, control and selection of beams, as well 
as their spectroscopy [26]. Beam-foil has to its credit a number of remarkable achieve-
ments in form of conventional (static) as well as non-conventional (dynamic) photon and 
electron spectroscopy The beam-foil method is one aspect of a more general research 
area of atomic physics, often called accelerator based atomic physics. In beam-foil ex-
periments, many important structure and collision parameters associated with both the 
excited projectiles and target atoms are measurable. Beam-foil technique has been used to 
provide information on the structure and decay rates of atoms and ions of many elements 
in varying stages of ionization. The beam-foil method is very simple and direct one for 
measurement of the lifetime of excited states in atoms and ions. This is one of the main 
advantage of this technique which in contrast to most other lifetime techniques, applica-
ble to neutral, singly, or some time doubly charged ions. The lifetime of excited states 
in atoms and ions are in the range of 10"'^ -10~^^ seconds, such a short lifetime can be 
determined by beam-foil technique in a straight forward way This technique often suffers 
from cascade and satellite line blending (discussed later on ) that reflect on the values 
of experimentally derived lifetimes. However, a recently developed variant of beam-foil 
spectroscopy [27] known as beam two-foil spectroscopy has the potential to overcome this 
problem to certain extent [28]. The technique has been utihzed by the author for the 
experimental lifetime study. 
Apart from the lifetime study, a number of other problems can be investigated with 
beam-foil spectroscopy e.g. 
(a) Radiative transitions and energy levels in atoms and ions. 
(b) Lifetimes of excited levels and atomic transition probabilities. 
(c) Auto-ionization mechanisms. 
(d) Stark and Zeeman eff'ects. 
(e) Atomic fine-structure (fs) and hyperfine- structure (hfs). 
(f) Lamb shifts in one and two-electron system. 
(g) Atomic collision mechanisms. 
1.6 Beam-foil interactions and post-foil x-ray spectra 
Such problems can be tackled also in various other ways but many experimental ap-
proaches are limited to neutral or a semi-neutral atoms. One of the main merits of 
beam-foil spectroscopy is that quantitative studies of (a)-(g) can be extended to very 
highly charged ions. In fact, the accuracy of such measurements is dependent on the 
complexity of the scheme of cascade transitions that repopulate the levels of interest. 
1.6 Beam-foil interactions and post-foil x-ray spectra 
Beam-foil interactions are statistical in nature so when an ion collides with target atoms 
of carbon-foil several processes may occur which may increase the charge state of the 
incident ion. These processes include 
i) Scattering of incident ions (Rutherford type). 
ii) Radiative and non-radiative electron capture by ions. 
iii) Stripping of incident ions. 
iv) Creation of singly and doubly excited states. 
Fig. 1.1 gives the schematic view of the basic collision induced ion-atom processes. 
The situation from the figure seems to be too simple as only few collision induced ion-
atom processes are involved. However, in actual the situation is far complex because of 
large velocity of incoming ions, competing cross-sections of various processes, and high 
density of target material. Due to these factors, it is almost impossible to give exact 
historical account of processes induced on an individual incident ion. The signatures of 
these processes, which assign unique features to the beam-foil spectra, have been discussed 
in the following sections of the chapter. 
1.6.1 Allowed transitions 
Allowed radiative transitions are those which obey electric dipole (El) selection rules i.e. 
AL = ±1 A J = 0,±1 AS^O 
However, it is convenient to classify allowed transitions into two types which are in-
shell (An = 0) and out-shell (An / 0) in context to beam-foil spectroscopy. L, S and 
J represent total orbital angular momentum, total spin angular momentum and total 
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Figure 1.1: Scheme for collision-induced ion atom processes, which lead to 
change in the charge state of incident ion. Solid lines represent x-ray emission 
while broken lines represent charge-changing processes. 
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momentum respectively, and n is the principal quantum number of the state under con-
sideration. The decay rates for the two types of allowed transitions scale quite differently 
with Z along an isoelectronic sequence due to the fact that transition rates of in-shell 
transitions scale linearly with Z while as that of out-shell transitions are proportional to 
Z^. In case of highly charged ions, it is easy to see that the states decaying primarily 
via out-shell transitions become too short hved to be studied by time of flight technique. 
Whereas states that can de-excite only via in-shell transitions remain amenable to beam-
foil measurements for higher Z due to the less severe Z scaling dependence. The data 
on wavelengths and transition probabilities on highly charged ions are of immense impor-
tance from astrophysical as well as theoretical point of view. Some of the related works 
include wavelength tables of Moore [29], Kelly and Palumbo [30]. 
1.6.2 Forbidden transitions 
A forbidden radiative transition is one, which does not obey electric dipole selection 
rules (El). Forbidden radiative transitions can be classified as electric quadrupole E2, 
magnetic dipole Ml, magnetic quadrupole M2, two photon electric dipole 2E1 etc., on 
the basis of set of selection rules obeyed by these transitions, though less rigorous. The 
transition rates of all the forbidden processes are negligible in case of neutral and semi-
neutral ions and are very difficult to measure. The transition rates of forbidden processes 
strongly scale with degree of ionization i.e. Z so forbidden processes in case of highly 
charged ions become appreciable and even dominate over competing El decays. Lifetime 
and wavelength measurements of forbidden transitions in case of highly charged ion are 
important from astrophysical point of view. Some of the relevant works include Cocke et 
al. [31] and Bendar et al. [32]. 
1.6.3 Singly excited states 
Most of the new lines that were reported by beam-foil investigators in the beginning have 
been found to originate in comparatively simple singly excited ionic systems containing 
only few electrons. This is particularly true for dipole transitions associated with moder-
ately high n. Some of the relevant works include identification of many new transitions 
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with n = 6 — 12 in simple Li II [33]. Several different investigators have reported on the 
observation of new lines in He-like B[34]. Beam-foil spectra have also contributed to our 
knowledge of displaced terms in alkaline earth systems for example the study of Be I by 
Hontzeas et al. [35] and B II by Berry and Subtil [36] have yielded new information on 
the energies of displaced terms. 
1.6.4 Doubly excited states 
One of the major contributions of beam-foil spectroscopy to the literature of spectral 
classification has been in the area of doubly excited states, i.e., states for which two 
electrons are excited above their ground state configuration. Such states are created 
much more strongly in beam-foil excitations than in other sources. Due to the fact that 
in case of conventional source, the time between excitational collisions is typically longer 
than the relaxation time of the excited states. However, in case of beam-foil source the 
condition is just reverse. The incident ion may suffer many collisions in a time, too short 
to allow an excited electron to relax, resulting in production of doubly excited states. 
Most of such doubly excited states are energetically capable of autoionizing since this 
decay mode is intrinsically faster than the radiative one. Radiative decay is observed only 
when autoionization channels are forbidden. Both allowed as well as forbidden radiative 
de-excitation processes have been reported in case of doubly excited states. For example 
Bickel et al. [37] and Buchet et al. [38] have investigated such transitions in case of Li 
I. Analogous transitions have been investigated by Hontzeas et al. [35]. De-excitation 
of doubly excited states via forbidden radiative channels have been reported by Buchet 
et al. [38]. Most of such transitions lie in UV or far UV region of spectra due to large 
de-excitation energy involved. 
1.6.5 Hydrogenic or Rydberg state 
A post-foil beam is clearly visible to naked eye even in case of high beam energies when the 
emission is expected to fall in UV or x-ray region. The origin of emission in visible region 
can be traced to El transitions between singly excited Hydrogenic or Rydberg states. 
A Rydberg state is characterized by a tightly bound, highly charged ion core and single 
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electron in an orbit of large radius may be in several tens of Angstroms. The electron 
under these conditions is labeled by high n and / values. The transitions involving levels as 
high as 100 have been reported. The binding energy of Rydberg states can be determined 
by a simple hydrogenic expression with the polarization of the core by electron taken 
into account. Both dipole and quadrupole polarizabilities of the core have been reported 
by Edlen [39]. When the core polarization is small, the position of spectral lines are 
practically independent of element and depend only on charge state of the core and the 
change in the quantum number n. 
Many of the unidentified features in early beam-foil spectra in the visible region have 
been subsequently understood in terms of transitions betvi^ een the hydrogenic states. 
Lennard et al. have reported hydrogenic lines in the spectra of both Fe IV to Fe VIII and 
Ni IV to Ni VIII [40]. Buchet et al. have reported on numerous Hydrogenic transitions 
originating in Ar X to Ar XV [41]. Lennard and Cocke have measured cross-section for 
this process and found expected rT^ dependence [42]. Lifetimes of Rydberg states have 
been found out to be quite large for higher n and I states [43]. 
Rydberg states are weakly bound in nature and from theoretical point of view study of 
such weakly bound states are of much interest because of their similarity to the unbound 
states created in the scattering of the electrons from highly charged systems which is 
a problem of considerable interest in astrophysics and thermonuclear fusion research. 
Besides, the study of Rydberg state provides a testing ground for the basic fundamentals 
of Quantum Mechanics. 
1.6.6 Auger emitting states 
Auger emitting states are those doubly excited states which de-excite via emission of 
a discreet energy electron, actually one electron drops back to a vacancy and other is 
ejected out from the system with kinetic energy equal to the energy balance between the 
initial doubly excited state and the final state of the residual ion. Just like radiative 
de-excitation processes, Auger emission process can also be classified into allowed and 
forbidden categories. The allowed Auger process is induced by electrostatic (coulomb) 
interaction between the electrons and is governed by a set of selection rules in manner 
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similar to allowed radiative decay. Forbidden Auger emission process can occur even if 
the allowed process is prohibited, although the probability is low (the selection rules on 
forbidden transitions are more relaxed). The decay rates or probabilities for forbidden 
Auger transitions induced by weaker magnetic interactions between the electrons are much 
smaller for the allowed Auger processes but, can become appreciable at higher Z due to 
the increase in strength of magnetic interactions. In case of neutral and semi-neutral 
systems, fluorescence yield is small and the inner shell vacancy is most likely to be filled 
by Auger emission. Spectroscopic investigation of Auger emitting states are done by using 
electron spectroscopic and coincidence techniques . However, all such measurements are 
extremely time consuming due to low yield and low energy of Auger electrons and also 
require highly complex experimental setup. 
1.7 Beam-foil spectroscopy and lifetime study 
The beam-foil spectroscopy technique is quite simple in conception as well as execution. 
In this technique, a well collimated fast moving ion beam is made to pass through solid 
target which is typically thin self supporting amorphous carbon-foil of few hundred atomic 
layers thick. The ion beam is obtained from an accelerator and magnetically analyzed to 
ensure chemical purity and to select charge state of interest before being made incident 
on the target. The entire target setup is kept in a highly evacuated vessel called target 
chamber. Throttling of the incident ions through the foil results in very large number of 
collisions between the incident ions and target atoms of the foil in a very short interval 
of time. As a result of these collisions, the electronic structure of the ions get entirely 
deformed, all the electrons get knocked out of their orbits and follow the ion core in 
shape of helical-tail due to coulomb attraction. On emerging out, an ion may reform its 
electronic structure partially as ion velocity is still too large for complete reformation. 
The net effect of this complete deformation and partial reformation of an ion is further 
ionization of the ion, besides high excitation involving one (single excitation) or more 
electron (multiple excitation). Due to ultra complex nature of beam-foil interactions, the 
ionization as well as the excitation is statistical in nature. Target thickness is usually 
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chosen so that an equilibrium distribution among various charge states due to ionization 
and excitation, is produced in the post-foil beam. The spontaneous de-excitation of the 
individual foil-excited ions of the beam occurs in flight down stream from the foil. The 
resulting emitted radiation constitutes beam-foil source. 
The single most useful application of beam-foil method involves the study of time-
dependent decay processes by time of flight technique that utilizes excellent time resolution 
produced by fast unidirectional beams. The technique scale short decay times into small 
but measurable decay lengths. The lifetime of the particular state of an ion in the beam 
is measured by studying the decay in the intensity of a line associated with a transition 
out of a state (the wave length of the line "signatures" the decay of the particular state) 
as a function of the distance between the foil and the detector eye. Spatial co-ordinates 
converted to temporal co-ordinates U by using relation 
U = Xi/v (1.1) 
the beam-velocity v is calculable from the beam-energy using the following relation [44] 
a.m.u] 
(1.2) 
E is the beam-energy and A is atomic mass of the ion. The decrease in line intensity with 
distance from the foil for a spectrally resolved emission line is a measure of the rate of 
relaxation of the excited level, and directly leads to its mean lifetime. In the absence of 
repopulation by cascading transitions from higher levels, the mean lifetime is proportional 
to the negative inverse of the logarithmic derivative of decay curve of emitted line. The 
precession of individual beam-foil lifetime measurements varies somewhat depending upon 
the conditions pertaining in the experiment i.e., presence or absence of complicating 
cascades, strong or week lines, satellite line blending problem and knowledge of the post-
foil velocity. 
This technique is very versatile in nature and, in principle, is applicable to any ion-
ization stage of any element (subjected of course, to the availability of an appropriate 
accelerator and an ion-source). Other lifetime measurement methods such as the Hanle 
effect, electron impact, ion impact delayed coincidence techniques, electron-impact phase 
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shift, and Laser absorption are in general restricted to neutral atoms or semi-neutral 
neutral ions of an elements. 
The beam-foil method has a number of unique features, which permit many new types 
of experiments. Some of these features are rather subtle, but the time resolved nature of 
the decay process is so conspicuous that it is apparent, why the first and most wide usage 
of this technique should be in the measurement of atomic lifetime. The beam-foil source 
possesses a number of other properties which are advantageous in lifetime determinations. 
Mass analysis of the ion beam assures that it is isotonically pure and free of contaminants. 
It has a very low particle density and thus exhibits no self absorption, no collisional de-
excitation and no inter-ionic field effects. Nearly any charge state of any element can 
be excited in this manner and studied using emitted optical, UV, x-ray radiation, or in 
some cases, electrons ejected through autoionization processes. The technique permits 
the study of multiply excited states, which seem to be much more copiously populated in 
beam-foil excitation than in other sources. 
1.8 Problems associated beam-foil technique 
Beam-foil spectroscopy has been the major source of experimental data for the lifetime 
of energy levels belonging to moderately or highly charged ions. The only two serious 
problems associated with the technique are the possibility of the satellite line blending 
(resulting from the low intensity of this light source and a relatively low spectroscopic 
resolution) and the effects of cascade repopulation on the intensity decay curves used to 
determine the atomic lifetimes. Once a specific satellite line blending has been recog-
nized, it can be dealt with by the usual procedures, such as working in a higher order of 
diffraction, devoting more time to recording that spectral region, using narrower slits or 
seeking an unblended branch from the same upper level. On the other hand, the cascade 
problem is inherent due to non-selective nature of the beam-foil excitation mechanism 
and although the use of a very low beam-energy can reduce the effects of cascading [45], 
in practice that approach has met with mixed success [46]. Cascading is actually repop-
ulation of decaying level of interest, due to de-excitation of population from higher lying 
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levels called cascading levels. These cascading levels are populated as a result of non-
statistical nature of the beam-foil coUisional processes. Due to repopulation of the level 
of interest by cascading levels, the observed decay curve of the level of interest is masked 
by the lifetime of the cascading levels. The decay curve in such cases is multi-exponential 
sum that includes terms representing all the cascading levels including one describing 
the level of interest. In actual practice, however, it is frequently possible to approximate 
the cascading contributions of one or perhaps two components. A much more promising 
approach was proposed almost 45 years ago by Curtis et al. [47], but it was little used 
until computer routines such as ANDC [48], CANADY [49] were developed. These rou-
tines have since been used with success on a variety of atomic systems. The fundamental 
concept in this technique is the simultaneous analysis of the decay curves for the primary 
transition (from the levels for which the lifetime is required) and all its important direct 
cascades, according to the first order differential equation relating to the population of 
the various levels involved. Obviously, the technique becomes more difficult to apply as 
the number of important cascades increases. 
1.9 Beam two-foil spectroscopy 
As it has already been discussed that beam-foil interactions are statistical in nature so at 
any beam-energy charge states neighboring to charge state of interest are also populated 
to a considerable extent. The population of the neighboring charge states causes cascading 
and satellite line blending to the parent line of interest which makes the extracted lifetime 
values beam-energy dependent. Though, there are techniques (discussed in earlier section) 
available to extract cascade and blending free lifetimes, however, all of these techniques 
have their own limitations. 
Beam two-foil technique, a handy variant of standard beam-foil technique, is a remedy 
to cure the satellite line blending in the extracted lifetimes [27]. In beam two-foil tech-
nique, the beam is first made to pass through a thick carbon-foil (60-90 /ig/cm^) which is 
movable. The post-foil beam containing the various excited states is then made to pass 
through second foil which is thin (4-20 /ig/cm'^) and is kept stationary throughout the ex-
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periment. The back bone of this technique is the fact that the excited state corresponding 
to the parent line and to the satellite line have considerably different decay lengths and 
interact with second foil via different modes. Therefore, as the post excited beam from 
the thick-foil is made to pass through the stationery foil it acts as a dispersive element 
for various excited states, so the population of various excited states is re-disbursed. The 
technique has the potential to make lifetime measurement of the states which are not ac-
cessible using conventional single beam-foil spectroscopy. However, data analysis in case 
of two-foil experiment is not so straight forward as instead of one, two excitation foils are 
used. To overcome this problem, single beam-foil experiment is also carried along with 
the two-foil experiment under the similar experimental conditions, like foil-thickness (of 
moveable foil), beam-energy, foil positions etc. to bring the data obtained from single-foil 
as well as two-foil experiment at equal footing. To extract blending free lifetimes, the 
data obtained from single-foil experiment is analyzed first, the effective lifetime values so 
extracted are used as basic inputs for the two-foil data. Besides, for such data analysis 
one must have knowledge of the charge state fractions of various charge states, produced 
in the post-foil beam due to interaction with first foil. The distance of minimum sepa-
ration between the two foils is also an essential requirement for the data analysis. This 
distance of minimum separation between the foils in our case has been determined by 
using capacitance measurement technique (discussed in section 2.4). 
Beam two-foil spectroscopy can be also used as a tool to study the interaction of excited 
states with thin-foils of different thicknesses. As the thickness of second foil is increased 
the number of collision, an excited states undergoes in second foil increases, as a result 
the relative population of various excited states finally emerging from the second foil also 
vary. Normally the thickness of second foil is chosen in such a manner that incoming 
excited states on an average suffers only a few collisions (1-4) in the second foil. 
1.10 Post-foil charge state distribution 
Due to the statistical nature of charge exchange processes in the foil material, the ions 
emerge from the foil in a distribution of charge states is approximately Gaussian in shape. 
1,11 Charge s tate identification in the post-foil beam 
The mean of this charge state distribution increases with incident beam-energy and the 
width of the distribution tends to become greater for heavy ions. Beam-foil investigator 
requires knowledge of the energy dependence of these post-foil charge distributions in order 
to choose the optimum incident beam-energy to maximize a particular ionization stage. 
However, in most of the elements no such experimental data are available. For the data 
analysis and the selection of charge state of ions, charge state fraction predictions from 
ETACHA code [50], based on semi-empirical scaling laws, has been used by the author. 
The predications have been found out to be reliable in the required energy range [50]. 
When experimental values are not available, one can also use the semi-empirical equation 
of Nikolav and Dmitriev [51] to estimate the mean charge states at any beam-energy. The 
equation, which is applicable for Z >6, is given in the convenient form as 
E = (0.067)MZ°-^[(Z/g)i-^' - l]-i-' (1.3) 
where E is the incident beam-energy (MeV), M is the projectile mass (amu), Z is the 
atomic number of the projectile ion and q the mean charge state of the post-foil distribu-
tion. 
1.11 Charge state identification in the post-foil beam 
Frequently, spectral lines appear in the post-foil spectrum that have not been previously 
classified and the first step in identifying these lines is to determine the charge state 
of the emitting ion. Several different techniques have been developed for this purpose. 
The simplest method, although not necessarily always reliable, is that used originally by 
Kay [52]. The excitation function (line intensity vs incident beam-energy) of a Hue is 
investigated and compared to energy dependence of the production of various ionization 
states under the assumption that changes in the line intensity with the beam-energy are 
primarily due to changes in the production of the ion. This technique, which has the 
advantage that no auxiUary equipment is necessary, seems to work quite well for singly 
excited states but, as may be expected, is less reliable for multiply excited states. 
Other methods of charge state identification involve the application of external electric 
or magnetic field to the beam-foil source. If the lifetime of the excited state is sufficiently 
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large, ions of different charge state in the source can be spatially separated by an external 
electric or magnetic field before de-excitation occurs. In this case, ions of different charge 
states can be isolated and radiative transitions studied separately. Such technique was 
employed by Lennard et al. [40]. If the de-excitation of the ions occurs in the electric field 
being used for separation, a Doppler shift technique described by Carriveau and Bashkin 
[53] can be used. The deflecting field gives an ion a transverse velocity component, the 
magnitude of which is dependent upon the ionic charge of the emitter. As a consequence, 
the techniques have also been used to identify the charge state of emitting beam ion. For 
example. Coke [54] has described experiments involving coincidence counting between 
x-ray photons and scattered ions. Apart from these techniques, there are number of semi-
empirical models based on scaling laws available, which are frequently applied for charge 
state fraction prediction. 
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Chapter 2 
Facility development for the study of 
highly charged ions 
2.1 Introduction 
The chapter presents hardware details of the experimental setup developed by the author 
in collaboration with the atomic physics group at Inter University Accelerator Center 
(lUAC), New Delhi, formerly known as Nuclear Science Center (NSC). The setup was 
later on utilized for structural and lifetime study of highly charged ions using beam-
single and beam two-foil spectroscopy. For convenience, the chapter has been divided 
into various sections and subsections. First section gives the brief account of the existing 
accelerator facility at lUAC, utilized for the research work. Second section describes 
various features of the general purpose atomic physics chamber at lUAC, in which the 
experimental work was carried out. Experimental setup developed for x-ray spectroscopy 
and lifetime measurement of metastable states of highly charged ions has also been brought 
under focus in the same section. Brief description of the x-ray and silicon surface barrier 
detectors used during the experimental work has been given in the 4*'' and 5^^ sections, 
respectively. The last few sections are based on the target-foil preparation and thickness 
measurement, electronic and data acquisition setup etc. 
2.2 Accelerator 
An accelerator in general may be defined as a device used to increase the kinetic energy of 
a charged particle. A charged particle being accelerated may be an electron, a proton, a 
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semi-neutral atom or even a highly ionized uranium atom, depending upon requirement, 
and the capability of the accelerating device used. In general, modern accelerators can be 
classified under four categories Cockroft-Walton Accelerators, Van de Graaff Accelerators, 
Cyclotrons and Linear Accelerators [1]. 
The basic principle used for acceleration in all types of accelerators is almost the same. 
Electric field is used for acceleration of charge particles either in the direction of, or in 
the direction opposite to the direction of the electric field. Magnetic field is used for 
changing the charge particle trajectories, as well as for charge state selection purpose. 
Any accelerator which has capability to accelerate positive ions can be used for beam-
foil spectroscopy. However, most of the beam-foil spectroscopic works have been done 
by using Van de Graff accelerators due to their capability of producing stable and high 
energy (MeV) ionic beam of heavy elements with very high degree of ionization [1]. The 
following section gives a brief description of the existing 15UD pelletron accelerator facility 
at lUAC, used to carry out present research work. 
2.2.1 15 UD pelletron accelerator setup at lUAC 
The 15 UD pelletron accelerator is a versatile, heavy ion tandem Van de Graaff type 
electrostatic accelerator supplied by Electrostatic International Incorporation (Ell) USA 
[2]. The electrostatic accelerator at lUAC is installed with vertical configuration in an 
insulating tank which is 26.5 m long, 5.5 m in diameter and filled up with SFQ as an 
insulating gas. The model 15 UD pelletron is capable of accelerating any ion from proton 
to uranium up to energy of 200 MeV [3] depending on the ion. In this machine negative 
ions are initially produced in the ion-source, pre-accelerated to few hundreds of keV, 
mass analyzed, and are injected into the strong electric field inside the accelerator tank 
filled with SFQ, an insulator. At the center of the tank is a terminal shell, 1.52 m in 
diameter and 3.61 m in height which is maintained at a high potential. The potential 
of terminal shell can be varied from 4 to 15 MeV. This terminal is connected to the 
tank vertically through ceramic titanium tubes called accelerating tubes. A potential 
gradient is maintained through these tubes from high voltage to ground from top of the 
tank to the terminal, as well as from terminal to the bottom of the tank. The negative 
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ions travelling through the accelerating tubes from the top of the tank to the positive 
terminal get accelerated. On reaching the terminal, they pass through a stripper which 
strips the negative ions of their electron, thus transforming the negative ions into positive 
ions. Since the terminal is at positive potential, these positive ions are repelled away 
from it and thus are again accelerated to ground potential to the bottom of the tank. In 
this manner the same terminal potential is used twice to accelerate ions, hence the name 
tandem accelerator. On exiting from the tank, the ions are bent by an analyzing magnet 
in the horizontal plane. The switching magnet diverts the high energy ion beam into 
various beam lines in different experimental areas of the Beam-hall. The entire machine 
is computer controlled and is operated from control room. The schematic diagram of the 
pelletron at lUAC is shown in Fig. 2,1. The following subsections give brief description 
of major components of the accelerator setup. 
2.2.2 Ion-source and the accelerating terminal 
Negative ions are produced in the ion-source, which is housed in a high voltage deck biased 
to a negative potential (-400 keV) located on the top of the tank. An accelerating tube 
system having proper insulation and voltage gradient follows the high voltage deck and 
pre-accelerate the negative ions produced in the source, travelling to the ground potential. 
The required ion beam is then selected using the injector magnet (which deviates the ions 
of various masses through different angles). The ions are focused and steered using beam 
optical elements and then injected into accelerator. The injector is equipped with three 
ion sources: 
(a) A source of negative ions by cesium sputtering (SNICS) which can produce negative 
ions of almost all elements (except noble gases). 
(b) An alphatross mainly for He-ions. 
(c) A duoplasmatron mainly for high quality H-ions. 
Negative ions of the ion-source are injected in the accelerator and accelerated towards 
the terminal. In the terminal, negative ions are stripped off a few electrons, and thereby 
converted to positive ions, which are further accelerated as they proceed to the bottom 
of the tank at ground potential. As a result the ions emerging out of the accelerator gain 
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Figure 2.1: Schematic of the 15 UD pelletron at lUAC, BLV stands for beam-
line value, and IP for ion-pump. 
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energy given by 
E = [E,nj + V{q + l)] MeV (2.1) 
where, V is the terminal potential in million Volts MV, q is charge state of the ion after 
stripping and Ei^j is the energy of the injected ions in miUion electron Volt (MeV). The 
positive ions are bent by an analyzing magnet through 90°. Depending on the mass, 
energy and charge state of the ion, the magnetic field of this magnet can be set to select 
any particular ion of the required energy. 
The insulating column which supports the high potential terminal consists of thirty 
1 MV units, 15 on either side of the terminal. The upper portion (above the terminal) 
of the column is referred to as the low energy section while the portion below is called 
as the high energy section. Two shorted units with no potential commonly known as 
dead sections are also provided, one each in the low and high energy column sections 
for housing the vacuum pumps and other beam handling equipments. Both are provided 
with an electron trap and a sputter ion pump. The low energy dead section (LEDS) is 
also provided with an electrostatic quadrupole triplet lens while the high energy dead 
section (HEDS) is equipped with a second foil stripper assembly. A shorting rod system 
is also provided for temporarily shorting of selected column modules without entering the 
pressure vessel. Two insulating shafts run from each ground end to the terminal and are 
used to derive four 400 cps generators located one each in two dead sections and into 
the terminal, which provide power for the equipment such as pumps, strippers, beam 
diagnostic and control equipment etc. housed in the dead section and the terminal. 
2.2.3 Strippers 
The high voltage terminal and the HEDS are equipped with stripper for stripping of the 
incoming positive ions. The terminal has a foil stripper assembly as well as a gas stripper 
assembly. Normally, the stripper is a thin carbon-foil ( 4 - 5 /ig/cm^) or nitrogen gas (in 
case of gas stripper) when an incoming ion passes through the foil it is stripped off most of 
its electrons as a result of which it becomes positively charged, however, this stripping is 
statistical in nature, so the charge state distribution of the emerging positive ions vary in 
nature, depending upon the foil thickness or the gas pressure, the incident energy and the 
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type of ions. The gas stripper is normally used for heavy ions at low energy as the lifetime 
of the foil stripper for the heavy ion is very short. This is because of the high energy 
losses in the stripper for heavy ion which causes breaking of the foil. The HEDS has 
another foil stripper assembly, which may be used sometimes if very high beam energies 
are required from the machine. The energy gained by an ion of charge q while passing 
through a potential difference V is Vq. As the q is higher after the second stripper the 
energy of the ions will be increased further. The final energy of the ion passing is given 
by 
E = [{E^nj + 1) X y + q^DV + q2{V - DV)] MeV (2.2) 
where V is the terminal potential, qi is the charge state after stripping at the terminal, 
DV is the potential difference between the terminal and HEDS and 2^ is the final charge 
state. 
2.2.4 Charging system 
An important aspect of the pelletron accelerator is the generation of the high voltage at 
the terminal. This is done using the two charging chains present in the accelerator. The 
chain consists of small stainless steel cylinders connected to each other using nylon links 
forming a chain of cylinders. These cylinders are called pellets from where the accelerator 
got the name pelletron. 
The process of charging is done by induction. The chain moves on two pulleys driven 
by motors at high speed carrying charge to the terminal. At the terminal this charge Q 
is transferred to it by the chain. The terminal is charged to a voltage V where Q/V is 
the capacitance C between the terminal and the accelerator tank. The charge is induced 
on the pellets of the chain by a cylindrical plate called inductor which is connected to 
a 50 kV power supply. This charge is further carried by the pellets to the terminal and 
transferred to it [4]. 
2.2.5 Vacuum 
Ultra high vacuum is one of the basic requirements for the accelerators and accelerator 
based experiments. The purpose of creating the vacuum in such systems is to reduce the 
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collision of accelerated ions with the residual gas molecules as the ions have to travel large 
distance in the accelerators. The same applies for reaction products during the experiment 
that have to reach the detectors being used for detection. For experiments, we require 
ultrahigh vacuum of the order of 10"'^  to 10~^ torr (1 torr=l mm of mercury). In order to 
obtain this much vacuum, different types of vacuum; pumps are used in accelerators and 
in related experimental facilities. Vacuum pumps can reduce the system pressure from 
atmospheric pressure (760 torr) to 10"^° torr range. However, there is no single vacuum 
pump which can operate over such a wide range of pressure, generally a combination 
of different pumps such as rotary pumps, turbo molecular pumps, cryo pumps, and ion 
pumps are used in all the systems [5]. 
2.3 General purpose atomic physics chamber 
Fig. 2.2 shows a schematic diagram of general purpose atomic physics chamber (GPAP) 
installed in Light Ion Beam Room (LIBR) beam-line at lUAC, New Delhi. GPAP is a 
stainless steel vessel with 10 corn flange ports to couple different experimental accessories 
during the course of experimental work. The height of the chamber is 316 mm and its 
diameter is 356 mm. The chamber has the following main features: 
(1) Housing facility for computer controlled, movable foil holder mounted in the rail track, 
used for standard time of flight experiments. 
(2) A multiple foil holder which can hold an array of thin foils. It can be moved in vertical 
direction so as to bring any foil in the beam axis. The multiple foil holder has been used 
for carrying two-foil as well as PIXE experiments [6]. 
(3) Two ports at 90° to the beam axis so that two x-ray detectors can be mounted to 
carry x-ray spectroscopy as well as lifetime measurements in the post-foil beam, using 
beam-single and beam two-foil spectroscopy. 
(4) An option to study the interaction of beam with gas jet has also been incorporated in 
the chamber. 
(5) The chamber has an option to bring a 3 cm diameter quartz plate in the beam-line 
manually (from out side when the chamber is in vacuum) in front of the target for beam-
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profile monitoring while beam-tuning. The quartz once in the beam-hne can be viewed 
using a close circuit device (CCD) through a 40 mm view port at 30° to the beam axis. 
(6) The chamber has an exit port for the post-foil beam which faciUtates further study 
of the post-foil beam at the beam-dump. To study the possible nuclear transfers due to 
beam-foil interactions, arrangement for mounting a 7-ray detector has also been incorpo-
rated in the setup [7]. 
(7) There is scope of positioning two silicon surface barrier detectors (SSBD)on Al stands, 
fixed at 15° or 30" to the beam axis, for beam monitoring. During the facility testing, it 
was observed that the SSBDs are too sensitive to noise pickups from the chamber ground, 
so a GlO material port was specially designed which separated the SSBD and the chamber 
grounds. 
(8) The chamber has a number of ports, which can be used for viewing the target position 
as well as the setup inside the chamber, online using CCDs from various angles during 
the course of an experiment. 
(9) The base as well as top of the chamber has about 200 tapped holes to mount different 
experimental accessories like rail track arrangement, SSBD holders etc. 
2.4 Lifetime measurement setup 
2.4.1 Rail track and the foil movement 
Conventional time of^ight setup developed in-house, consists of movable target known as 
first foil, rail track setup to guide the movement of the moveable foil in the beam direction 
by means of an externally controlled linear motion feed through. The schematic of the 
experimental setup is as shown in Fig. 2.2. 
First foil is a thick (60 - 90 /ig/cm^) stretched, self supporting amorphous carbon-foil 
mounted on movable foil stand. A teflon piece was fixed on the Al base of the foil stand 
to ensure electrical insulation, required for the minimum distance measurement between 
the foils in case of beam two-foil spectroscopy as shown in Fig 2.3(b) (discussed later on). 
A hole of 10 mm diameter was made in the teflon piece at the appropriate height to allow 
passage of the beam through it. In front of the 10 mm hole in the teflon piece a hollow 
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cylindrical, Al holder was fixed as shown in Fig. 2.3(a). and Fig. 2.4. Carbon-foil, lifted 
on a circular Al foil-frame, was fixed to this Al holder using a thin layer of adhesive. A 
viton 0-ring was also placed in between the teflon piece and the Al base of the foil holder 
so as to ease the alignment between two foils in case of two-foil spectroscopy. The Al 
base of the foil stand fits in the groove of the rail track and moves freely thus enabling 
the motion of the target foil mounted on it (Fig 2.3(b)). 
The rail track is a single Al block (240 mm x 60 mm x 30 mm) having a tapering slot 
at certain angle and a rectangular slot at the bottom to guide the foil movement along 
the beam direction Fig. 2.3(b). The rail track arrangement was placed horizontally at 
the required height by means of three pivots fixed on the base plate of the chamber as 
shown in Fig. 2.4. 
To achieve fine horizontal foil movement along beam axis, a motorized linear mo-
tion feed-through (Model MFL-275-4) and a programmable motor logic controller (Model 
MLC-1, programmable indexer / driver) were procured from Huntington Laboratories 
Inc., Mountain View, CA 94043. The linear motion feed-through had the following fea-
tures : Linear travel 4 inch, Ext. 6.58 inch, Ret. 2.58 inch, L 14.06 inch, backlash 0.002 
inch, shaft pitch 0.125 inch and motorized accuracy 25,000 micro steps/revolution. The 
linear motion feed-through was connected to the Al base of the moveable foil stand. The 
distance travelled in a single step is 0.127 /j.m. A computer program, developed in-house, 
was used to control and read out its movement through a dedicated PC. 
2.4.2 Multiple-foil arrangement for two-foil spectroscopy 
An array of thin carbon foils (4 - 20 /xg/cm^) is used as second foil in the beam two-foil 
experiments. The beam excited from the movable first (thick-foil) is further made to pass 
through the second foil in order to investigate the interaction of excited atomic states 
with thin carbon foils of various thicknesses. A multiple foil holder was used to mount 
the array of stationery foils of various thicknesses. Multiple foil holder is actually a single 
piece of aluminum (170 mm x 20 mm x 10 mm) on which slots of 10 mm x 1.4 mm were 
made along the breadth at each foil position. When the foil-frame on which the thin foil is 
lifted is fixed in front of a slot, the slot itself behaves like a slit for the emerging x-rays as 
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shown in Fig. 2.5. Self-supporting carbon foils of various thicknesses (4 — 20 /ig/cm^) were 
fixed on the multiple foil holder with one position kept blank for the conventional beam 
single-foil experiments. The multiple foil holder was fixed to the shaft of a stepper motor 
by means of a thick teflon piece so as to provide an appropriate mechanical guide as well 
as for the electrical insulation required for capacitance measurement. The stepper motor 
mounted on the top of the chamber and was used to control vertical movement of the 
multiple foil holder so as to bring any foil position in the beam-axis. Arrangements were 
made so that the axis of the multiple foil holder in the shaft exactly coincides with the 
central axis of the chamber and to make the shaft capable of rotating about its own axis. 
The rotational movement of shaft helped in making the two foils parallel to each other 
in case of two-foil experiments and to align the targets at a certain angle with respect to 
the beam axis in case of PIXE experiments [6]. 
For precise lifetime measurement, it is essential to make the foils flat which may not be 
achieved by stretching the carbon foils mechanically. A method was developed to ensure 
that the carbon foils remain stretched while being lifted on the foil-frame. Fig. 2.3 shows 
the Al foil-frame (2 mm x 20 mm) having a 6 mm hole in the center with tapering on 
one side. It was polished using powder of diff'erent grades so that polished conical surface 
allows water to slide through the rear side of the foil, when the foil is lifted out of water. 
Carbon film deposited on the surfactant coated glass plate was floated on 25% alcohol-
water mixture. This reduces the surface tension of water, which in turn, decreases the 
tension on the foil and hence results in wrinkle free foil. Success rate for making thin, 
stretched carbon foils by this method was high. 
2.4.3 Minimum separation measurement arrangement 
Measurement of minimum separation between the two foils is an essential requirement for 
the data analysis in case of two-foil experiments. This is achieved by using capacitance 
measurement technique, this technique also makes it possible to keep the foils parallel to 
each other when the separation is very small, a few /xm [8]. In this technique, a small 
voltage pulse Vi from a pulse generator is applied to one of the foils and as a result of which 
a capacitance CT is induced between the two foils. CT is proportional to the output voltage 
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Vo, which is measured from the other foil, (silver paint is applied at appropriate positions 
for electrical contact). This signal (K) was taken to an amplifier through a charge sensitive 
preamplifier and finally read on an oscilloscope. The circuit for capacitance measurement 
technique has been shown in Fig. 2,6. The induced voltage varies with the separation 
between the two foils Fig. 2.7. At larger separation, the variation is linear whereas it 
becomes non-linear or discontinuous when the two foils touch each other [8]. 
2.4.4 Normalization of x-ray data 
Normalization of collected x-ray photons was achieved by using the particle counts from 
SSBDs held symmetrically on the either side of the beam at 30° to beam axis. The 
purpose of normalization was to make the observed x-ray intensity independent of inherent 
fluctuation in the incident beam current as well as the time-window of data collection. 
SSBDs were mounted in two aluminum stands fixed to the base of the chamber. For 
Rutherford scattering, the post-foil beam was made to pass through a 134 /ig/cm^ thick 
Au-foil mounted on an aluminum stand similar to that used for the movable carbon-foil, 
fixed in the rail track at a few cm away from the center of the chamber (Fig. 2.4). 
The elastically scattered beam particles at 30° were detected by SSBDs . During the 
experiment for each foil position along with x-ray, particle-spectra were also recorded 
for the same time-window. The x-ray intensity at any point is a function of foil-position 
(carbon-foil) as well as number of particles incident within the time window. However, the 
particle spectrum is only a function of number of particles incident within the time-window 
as the position of the Au-foil as well as SSBD was kept fixed for the entire experiment. 
The relative normalization of x-ray data at all the spatial positions of the carbon-foil was 
achieved simply by dividing x-ray intensity by particle intensity and multiplying the ratio 
by a normalization constant. 
2.5 Radiation detectors 
Radiation detector is a device which can be used to detect and measure the energy of 
photon emitted, that signatures the decay of the system from higher energy state to 
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Figure 2.2: Schematic of the experimental arrangement. 
Figure 2.3: (a)Target mounting arrangement (left), (B) Rail track with movable 
foil holder (right). 
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Figure 2.4: Cross-sectional view of the experimental chamber with complete 
details (not to scale). 
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Figure 2.5: Target ladder with enlarged view of a foil position. 
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Figure 2.6: Arrangement for the measurement of minimum separation between 
the two foils. FF indicates the fixed foil, MF the movable foil, Cr the capaci-
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{C»CT, C = 0 . 1 / / F ) . 
T 0.6 
-100 0 100 
Distance (|im) 
Figure 2.7: A graph of V~^ vs the relative separation between the two foils, the 
plot has been interpolated to obtain minimum separation between the foils. 
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lower, or ground energy state. There are numerous classes of detectors available like 
gas detectors, bubble-chamber detectors, solid state detectors etc. However, none of the 
detectors available can be used to detect and measure the energy of photons over the 
entire range of electromagnetic spectrum. Therefore, one has to opt for a detector which 
gives a linear response over the entire energy range of interest. Besides the energy range, 
the other factors that are taken into consideration include resolution, response time, count 
rate, dead time etc. 
For beam-foil spectroscopy of highly charged ions in region 10 < -^  < 50, the energy 
of emitted x-ray photons lies in the energy region up to 2 keV to 40 keV. Therefore, the 
detector being used must have good efficiency, high resolution and linear response over the 
said region. In principle, gas detectors can be used for beam-foil spectroscopy. However, 
now a days solid state energy dispersive, germanium crystal x-ray detectors are preferred 
due to a number of advantages like high sensitivity, excellent resolution, linear response, 
etc. over the conventional gas detectors. Germanium detectors are semi-conductor diodes 
having P-I-N structure in which the intrinsic (I) region is sensitive to ionizing radiation, 
particularly x-rays and 7-rays. Under reverse bias, an electric field extends across the 
intrinsic or depleted region. When photons interact with the material within the depleted 
volume of the detector, charge carriers (holes and electrons) are created and are swept 
by the electric field to the P and N electrodes. This charge, which is proportional to the 
energy deposited in the detector by incoming photon, is converted into a voltage pulse by 
an integral charge sensitive preamplifier. 
Germanium has a relatively low band gap, therefore, these detectors must be cooled in 
order to reduce the thermal generation of charge carriers (reverse leakage current) to an 
acceptable level. Otherwise, leakage current induced noise destroys the energy resolution 
of the detector. Liquid nitrogen, which has a boiUng temperature of 77°K is common 
cooling medium for such detectors. The detector is mounted on vacuum chamber which 
is attached to, or inserted into an LN2 dewar. The sensitive detector surfaces are thus 
protected from moisture and other contaminations. 
Major types of Germanium detectors are following 
(1) The Ultra Low Energy Germanium (ULGe) detector. 
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(2) The Low Energy Germanium (LGe) detector. 
(3) The Coaxial (Coax) Germanium detector. 
(4) The Reverse Electrode (ReGe) detector. 
(5) The Extended Range (XtRa) Germanium detector. 
(6) The Ge Well Detector. 
2.5.1 The x-ray detection system 
For experimental detection of x-rays, a ULGe x-ray detector (Detector Model GU10035, 
Cryostat Model 7905-WR., Preamp. Model 2008, serial Number 8974399) procured from 
Canberra industries Inc., 800 Research Parkway, Meriden, CT 06450 USA, was used. This 
detector offers major advantage over conventional planar detector in many applications. 
The ULGe detector is fabricated with a thin born-implanted P-|- outer contact on the face 
and on the cylindrical wall. The N+ contact, a lithium diffused spot on the rear face, is 
of less than full rear as shown in the Fig. 2.8. Thus, the capacitance of the detector is 
less than that of a planner device of similar size. Since preamplifier noise is a function 
of detector capacitance, the ULGe offers lower noise and consequently better resolution 
at low and moderate energies than any other detector geometry (160 eV resolution at 
5.9 keV). Unlike grooved planar detectors, there is virtually no dead germanium beyond 
the active region. This, and the fact that the side surface is charge collecting rather than 
insulating, results in fewer long-rise time pulses with improved count rate performance and 
peak to background ratio. The active area of detector was ~ 3cm^ with 5 mm thickness of 
crystal and 0.0025 mm thickness of beryllium window. The recommended operating bias 
voltage is 500 volt with negative bias polarity which was applied to the detector through 
an ORTEC power supply (model 459). 
2.5.2 Calibration of the x-ray detection system 
ULGe x-ray detectors with proper electronics can sustain count rates up to 1 K. Resolution 
calibration of the detector, used during the experiments was done by standard '^'^ Am 
source and was checked with ^^Fe source. Two peaks of '^'^ Am at 11.8 keV and 26.0 keV 
at the opposite ends of the spectra were identified and were used for calibration purpose. 
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Figure 2.8: Block diagram of the germanium crystal of x-ray detector showing 
rare and front surface. 
Several thousand counts around these peaks were collected Fig. 2.9. To determine the 
linear conversion factor for linear calibration, the energy difference between the centroid 
channels of the two peaks was divided by the energy difference between the two peaks. 
Later on higher degree non-linear terms of the conversion factor were also determined by 
identifying few more peaks in the '^'^ Am spectra. The energy per channel was determined 
to be 0.16 eV and this was used for calibration of online x-ray spectra. The gain of 
the amplifier was kept constant throughout the experimental work and calibration was 
repeated before and after every experiment. The detector was coupled to the chamber 
through a re-entry cup at 90" to the beam axis to minimize the Doppler shift. To allow 
the passage of x-rays to the detector a slit (2 x 10 mm) was made in the re-entry cup 
and 6 /^ m thick mylar foil pasted on it, so that the detector covers a solid angle of 8 
millisteradian. The x-rays emerging from foil-excited beam were collimated by using a 
system of three collimators before reaching x-ray detector as shown in the Fig. 2.2. 
2.6 Particle detectors 
The most widely used particle detectors for flux normalization are silicon surface detectors 
(SSBDs). An SSBD rely on the junction formed between a semiconductor and certain 
metals usually n-type silicon with gold or p-type silicon with aluminum. Because of 
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Figure 2.9: X-ray spectra of ^Am used for calibration of x-ray spectra. 
the different Fermi levels in these materials, a contact emf arises when the two are put 
together. When a reverse-bias voltage is applied to the diode, an electric field E is created. 
As free charge carriers are constantly swept out of the detector where a field is present, 
this region is called the depletion region. The sensitive area is important because it 
infiuences both sensitivity and energy resolution. When a low intensity radiation source 
is used or when an accurate particle count is required (within count rate limits of the 
system), a large area detector is desirable. However, since detector capacitance and the 
junction noise are directly proportional to the area, smaller size detectors give much better 
resolution. Selecting the right detector size requires a compromise between sensitivity and 
resolution. 
For energy spectrometry, each output must be generated with an amplitude propor-
tional to the energy of the charged particle. Therefore, for such common applications 
detectors sensitive depth must be sufficient to completely absorb all the energy of the 
charged particle. As the sensitive depth increases, the detector capacitance decreases 
and this results in a decrease in preamplifier noise. However, the increase in the sensi-
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tive depth also increases the sensitive volume of the detector, and this may increase the 
detector leakage current noise contribution. Minimal total system noise is obtained by 
matching the capacitance of the detector to the appropriate preamplifier. 
Noise sources in the detector and the preamplifier introduce a dispersion that broadens 
a pulse-height spectrum of monoenergetic particles. Noise is customarily specified in 
terms of full width at half maximum (FWHM) broadening of the monoenergetic peak. 
The detector and the preamplifier are separate and independent sources of noise, and the 
total system noise is equal to the square root of the sum of squares of the individual noise 
contributions. 
In general, in order to obtain the information about the collected charges during the 
excitation of targets, the peak area of elastically scattered particles detected by the SSBDs 
can be used. The heights of the pulses are proportional to the incident energy of the 
particles [9]. Since the maximum available energy of the ion was in the range of 90-170 
MeV, a 300 /im thick detector was used to stop the high energy particles. The active area 
of the detector was 50 mm^ and the resolution of the detector was 30 kV at 5.486 MeV a 
particle from ^^^Am source. 
Due to the sensitivity of SSBD to Ught in our experimental setup, the view ports of 
experimental chamber were covered by aluminum foil. In SSBD, actually the thin entrance 
windows are optically transparent and particles striking the detector surfaces can reach 
active volume. The energy of the visible light ( 2 - 4 eV) is greater than the band gap 
energy of most semiconductors, and electron-hole pairs, therefore, can be produced by 
interaction. A very high noise level is produced by normal room light. However, the 
vacuum enclosure required for most charged particle applications usually reduce light-
induced noise to significant levels [10]. 
2.7 Target preparation and thickness measurement 
Target foils are unsupported thin foils of a suitable material used as ionization and exci-
tation media in beam-foil experiments. Diff'erent types of targets used during beam-foil 
experiment are: 
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(1) Thick carbon foils (60 - 90 //g/cm^). 
(2) Thin carbon foils (4 - 20 /ig/cm^). 
(3) Gold foils (100 - 150 ng/cm^). 
Almost all the target foils are made of amorphous carbon. Foils can be made from 
other materials too, like Be, B, Al, Cu, and combination of materials and carbon. Pure 
carbon is preferred due to the fact that carbon foils are simple to prepare, easy to handle 
and have long life. An added advantage is the low nuclear charge of the carbon due to 
which the scattering of the beam from the foil is minimum. Foils of Be have an advantage 
that scattering is lesser than that from carbon foils. However, Be-foils are rarely used 
for beam-foil spectroscopy due to the fact that foils are difficult to be made and there is 
always some risk of Be poisoning. Carbon foils, which are used for beam-foil experiments, 
are typically several hundred atomic layers thick. Foil thicknesses are most of the times 
quoted in terms of aerial densities in units of/xg/cm^. At low to intermediate energies, foils 
of thickness from 5 to 60 /xg/cm^ are usually sufficient to attain ionization and excitation 
equilibrium. Carbon foils were prepared in laboratory with a vacuum evaporator and 
lifting of the foils on the foil-frame was done as described in the earlier section. Foils can 
also be obtained comraercially [11]. 
It is necessary to measure the thickness of the deposited foil-film dynamically i.e. 
simultaneously with the deposition in order to stop the evaporation as soon as the desired 
thickness is reached. A quartz crystal monitor was used for this purpose. The thickness 
measurement is based on the change in resonant frequency of the quartz crystal oscillator 
with mass loading. The target thickness as well as the rate of deposition could be read on 
the microprocessor (commercially available with the ciuartz monitor) based control unit. 
The crystal, housed in a water cooled box, is mounted at a height of 10 - 14 cm above 
the evaporating source close to the target. Generally, it is desired to have the crystal 
in the same plane as the substrate to increase the accuracy in the measured thickness 
[12]. Offline foil thickness was determined by using the energy loss determination of the 
a particle passing through the foil. 
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Figure 2.10: Block diagram of the electronics and d£ita acquisition setup. 
2.8 Electronics and data acquisition setup 
Computer Automated Measurement and Control (CAMAC) based data acquisition sys-
tem was used during the experiments for acquisition of the data. Data were acquired 
from multiple Analogue to Digital Converters (ADCs) procured from CANBERA, which 
are interfaced to computer through CAMAC crate as shown in Fig. 2.10. The follow-
ing subsection gives brief details of the electronic modules that have been used for data 
acquisition. 
2.8.1 Preamplifier 
Absorption of a photon by the detector produces current pulse at the preamplifier input. 
Each current pulse is integrated by the charge sensitive loop which is an EFET input 
operational amplifier with capacitance feedback. A feedback resistor Ry in parallel with 
i-X., , + , J U . . 4-1 , , 
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results in the experimental decay with time constant (R/C/) of each charge loop output 
pulse. The pole zero cancellation network differentiates the charge loop output to give 
a shorter decay time constant and is adjusted to eliminate pulse undershoot following 
differentiating. For most of the spectroscopic applications, the above mentioned charge 
sensitive preamplifier is used because of its gain being insensitive to stray capacitances 
(capacitances of the detectors, cable etc.) and consequently can provide large output 
pulse height. 
2.8.2 Amplifier 
The output from the preamplifier is fed to the spectroscopic amplifier (ORTEC model 
572). This amplifier has an input impedance of approximately 500 ^ and accepts either 
positive or negative pulses with rise time < 650 ns and fall time > 40 //s. The shaping 
time constant of the amplifier is switch selectable in steps of 0.5, 1, 2, 3, 6, and 12 ^s. 
The choice of the proper shaping time constant is essential for accommodation of high 
counting rates and operating with a large time constant for a better signal to noise ratio. 
At low counting rates, the optimum value for shaping time is 12 //s for ULGe detector. 
The spectroscopic amplifier has variable pole zero cancellation network, which can be 
adjusted to match the preamplifier with decay time > 40 //s. This drastically reduces 
the undershoot after the first differentiator and improves the overload and current rate 
characteristics. To compensate for the effect of base line shift on a unipolar signal, caused 
by uncancelled RC interstages in the amplifier, base line restoration is used. The DC level 
of the output is adjustable up to ±100 mV. It provides unipolar and bipolar amplifier 
output pulses with an output impedance of less than 1 Q. 
When the count rate is high, there is possibility of pile-up effects due to overlapping of 
the x-ray pulses in amplifier. To avoid this problem, the pulse pile-up rejecter (PPR) is 
to be introduced. The electronic PPR induces a fast amplifier parallel to the slow, high 
resolution spectroscopy amplifier. The PPR senses if two consecutive events overlap in 
time, normally with a pulse pair resolution of 0.5 - 1 us. If two events overlap, both 
are rejected by inhibiting the main amplifier output, thus almost completely eliminating 
the pile-up continuum. With an electronic PPR, an increased input count rates does not 
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always imply an increased output rate. 
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Chapter 3 
Lifetime measurement of Is2s2p P^i2 
state of He-like Ti 
3.1 Introduction 
Beam-foil spectroscopic technique is an important tool to study the physics of highly 
charged ions [1]. Beam-foil interactions produce various excited states of an ions in the 
post-foil beam. The decay of these excited states, emerging out of the foil, gives rise 
to very complicated features in the post-foil spectra (discussed in section-1.6). To some 
extent the situation can be simplified if detector is kept at a few mm away from the point 
of excitation so that all short-lived transitions die away within this few mm range. As a 
result only those x-rays emanating from the decay of long lived excited states reach the 
detector, such "delayed" spectra are much cleaner. 
Beam-foil interactions are statistical in nature, therefore, state selective excitation is 
not possible in beam-foil experiments. Even at properly chosen beam-energy a few charge 
states, neighboring the charge state of interest are always populated with considerable 
fractions in the post-foil beam. De-excitation of the excited states from these neighboring 
charge states, in the post-foil region give rise to spectral lines called "satellite lines", in the 
post-foil spectra. Satellite lines not only complicate the observed spectral features but also 
mask the lifetime of the state of interest, extracted from the corresponding decay curves, 
a typical problem in beam-foil spectroscopy, known as satellite line blending. In principle, 
satellite line blending can be eliminated by using high resolution spectrometers (crystal 
spectrometers) which may resolve the closely spaced lines in x-ray region. However, low 
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efficiency of such spectrometers makes the Hfetime measurements difficult. Satelhte Hues 
can not be resolved by the energy dispersive solid state x-ray detectors for ions up to Z=50 
due to low resolution of these detectors (100-200 eV). To resolve the satellite lines in this 
region, the detector must have a resolution of about 20 eV. Therefore, beam-foil time of 
flight technique using energy dispersive solid-state detectors, in this region suffer from 
satellite line blending as well as cascading problem (discussed in section-1.8). However, 
cascading unlike satellite line blending is independent of spectral resolution of the detector 
used for lifetime measurements. 
Special care is needed in lifetime measurement experiments in which both satellite line 
and lines of interest arise together i.e. up to Z=50. Use of different beam-energies and 
careful analysis may resolve the problem to certain extent. However, the analysis of such 
cases within the framework of standard beam-foil approach is not straightforward at all. 
Satellite line blending may be avoided to a great extent at high beam-energy as the charge 
state of interest in the post-foil beam is well below the mean charge state q [2]. On the 
other hand one has to opt for low beam-energy to reduce the cascade contributions [3]. 
Thus, it is difficult to meet both the conditions simultaneously. Most of the cascading 
levels decay via short-lived El transitions, if the excitation foil is kept at a few mm away 
from the detector eye all these short lived cascading contributions die before reaching 
the detector eye £is a result cascading does not impose much problem for the study of 
metastable states. Therefore, one can make use of the charge states well below q, at high 
beam-energy. Implementation of this idea can reduce the satellite line blending to some 
extent, but cannot eliminate it at all. 
To eradicate the satellite line blending, a new technique to analyze the data obtained 
from beam-foil time of flight technique with a single-foil as well as a two-foil target [4], has 
been introduced in our laboratory [5,6] named as iterative multi-component exponential 
growth and decay analysis. This technique does not restrict the measurement at any 
particular charge state of the post-foil beam, as it is well suited even at q. In this chapter 
we present the lifetime measurement of Li-hke Is2s2p -^PgV of Ti using this technique. 
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3.2 Brief review of previous work 
A recent work [5] shows that use of the beam-foil technique [7] coupled with the use of 
the two-foil technique [4] enables the resolution of the satellite line blending in lifetime 
measurements of He-like V. It was subsequently shown in our laboratory that the con-
tribution of the H-like Ml line may also be corrected within the beam two-foil approach 
as shown in the study of the ls2p ^^ 2° l^vel lifetime in He-like Ni [6]. Recent measure-
ments in our laboratory have not only resolved satellite line blending arising from the M2 
ls^2s ^5i/2 - Is2s2p '^P^,2 line but have also led to the measurement of the lifetime of 
30 
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at various beam energies using beam-single and beam two-foil technique for various ion 
species have been presented in Table 3.1. The measured values of lifetimes are well in 
accord with the theoretical estimates. 
„20o 2 c ,- __ 1 oO,.0^ 4 DO ^^ ^^ ^ ^^^ ^^^^^ ^^^^ 
the partially autoionizing satellite level Is2s2p ^F^V in Li-Hke V. The lifetime values for 
ls2p ^P^ and Is2s2p .^PgV obtained from previous measurements done in our laboratory 
3.3 Motivation behind the present work 
Earlier studies on V and Ni discussed in above section were done in general purpose 
scattering chamber beam-Hne by using distance recoil measurement (RDM) setup, which 
is actually a facility dedicated for nuclear physics experiments [5]. The maximum flight 
length, that RDM setup, offers is only 10 mm, besides it does not have an option to 
use multiple thin-foils simultaneously for two-foil lifetime measurement experiments. The 
development of a new experimental setup, dedicated for atomic physics experiments (dis-
cussed in Chapter-2) gave us a unique opportunity to explore the Is2s2j9 ^PgV l^vel 
lifetime of Li-like Ti for the first time using its x-ray decay channel, with large flight 
length as well at various thicknesses of the second foil. 
In a previous study [5], Nandi et al. have employed the beam single-foil [14] and beam 
two-foil techniques [4] coupled to an iterative multi-component exponential growth and 
decay analysis, to address satellite line blending in lifetime measurements in He- and Li-
like V (1=7/2) levels. The experimentally observed He-like V ls2p ^P^ [5] and ls2s ^Si 
level lifetimes [15 are in good agreement with theoretical predictions [13], whereas the 
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experimental Li-like V Is2s2p -^PgV level lifetime [5] is about 21% shorter than theoret-
ical estimates [11,12,16] obtained without considering hyperfine quenching effects [17]. 
(The hyperfine interaction causes a small admixture between atomic states of the same 
electronic configuration characterized by different total electronic spin. As a result, for-
bidden El transitions are now possible. The hyperfine-induced additional branches cause 
a reduction of the lifetimes of some metastable levels, an effect known as hyperfine quench-
ing). However, this trend is not followed in other non-zero nuclear spin ions. We note 
for instance that the experimental He-like CI (1=3/2) ls2p P^g" l^vel lifetime 2.2±0.3 ns 
[18], is in good agreement with the theoretical value 1.98 ns [13], whereas the Li-like CI 
Is2s2p ^P°/2 level lifetime (0.95±0.2 ns [18],0.91±0.04 ns [19]) is larger than the theoret-
ical prediction 0.81 ns, [20]. However, the experimental He-like CI ls2s 5^*1 level lifetime 
(280± 25 ns) is about 26% shorter than the theoretical value 381 ns [21]. As electron cor-
relation effects in two and three electron ions are not significant, discrepancies of the type 
mentioned above arise from satellite line blending, cascading contributions or hyperfine 
quenching. Satellite line blending and cascade contributions need to be considered in the 
analysis of experimental data but do not enter theoretical lifetime calculations, whereas 
hyperfine corrections have not been incorporated in the theoretical results cited above. 
In order to clarify the origin of such discrepancies between theoretical and experimental 
values, we have undertaken a continuing investigation into He-like ls2p ^^ 2° ^^'^ Li-like 
Is2s2p 4po^ 2 level lifetimes in ions having zero nuclear spin. Hyperfine quenching effects 
are not present in the corresponding ions, thus eliminating a possible source of discrepancy 
between experimental and theoretical results. 
The He-like ls2p ^P2 level lifetime in ^^Ni (1=0) has been determined [6] using the 
beam-single and beam two-foil techniques. Our experimental value (70±3 ps) is in good 
agreement with theory (70.6 ps) indicating that satellite line blending and cascading 
contributions have been addressed within our experimental technique and analysis. Due 
to small flight length, a physical limitation of the experimental setup, we have not been 
able to determine the Is2s2p '^P^/o level lifetime in this ion. In the current study with 5/2 
newly established experimental setup, we investigate the experimental Li-like Is2s2p PjV 
level lifetime in Ti, an ion having zero nuclear spin. The lifetime for this level has been 
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determined by Dohmann at el. [22] employing a method, based on the Auger electron 
emission process Is2s2p ^P^i2 - (Is^ •^S'o + e^), in which an electrostatic cylindrical mirror 
analyzer was used. Although this technique is free from satellite line blending and the 
influence of cascades has been taken into account, a discrepancy persists between the 
experimental value (236 ±12 ps) of Dohmann at el. [22] and theoretical estimates 205 ps 
[16] and 212 ps [20] for this 1=0 ion. The origin of this discrepancy is addressed within 
our current experimental approach and analysis. 
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Beam-single and beam two-foil spectroscopy for lifetime measurement of Li-like Ti 
\s2s2p ^P^i2 level, was carried out in atomic physics facility at Inter University Accelera-
tor Center (lUAC). A well collimated, 3 mm diameter Ti ion beam used in the experiment 
was obtained from 15 Unit Double (UD) pelletron accelerator. For conventional single-foil 
spectroscopy, Ti beam was excited by passage through a 60//g/cm^ carbon-foil. Keeping 
the limitations of the accelerator in view, the experiment was carried out at three different 
beam energies 90, 130 and 145 MeV. A typical x-ray spectrum recorded by an energy dis-
persive x-ray detector at 90" to beam axis at 90 MeV beam-energy has been shown in Fig. 
3.1. Initial position of the detector was set at 2.5 mm away from the point of excitation 
so that short lived cascading El transitions do not reach the detector. In case of con-
ventional single-foil spectroscopy, the post-foil excited beam (from first foil) was made to 
pass through a blank second foil (no second foil) position in the target ladder to keep the 
experimental geometries same for single as well as two-foil spectroscopy. X-ray intensity 
as a function of detector foil separation was recorded. The entire procedure was repeated 
for all three beam-energies. In two-foil experiments, only one beam-energy i.e. 90 MeV 
was used, however, this time the experiment was carried out for diflFerent thicknesses of 
the second foil i.e. 4, 8, 12 and 20 /xg/cm^. The thickness of the second foil was chosen 
in such a way that the incoming excited ions from first foil on an average may undergo 
one, two, three or four collisions respectively. This enables us to investigate interaction 
of excited states with thin foils of diff'erent thicknesses besides the lifetime measurement. 
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Table 3.1: Details of controllable experimental parameters for the experiment. 
Parameter 
Target foils 
Incident ion-beam 
Flight Length 
X-ray detector resolution 
X-ray count rate observed 
X-ray data collection time 
C (first foil) 
C (second foil) 
Au-foil 
Ti8+ 
Tiio+ 
Ti"+ 
Minimum 
Maximum 
Experimental 
Value 
60/xg/cm^ 
4, 8, 12, 20/ig/cm2 
134//g/cm^ 
90MeV 
130 MeV 
145 MeV 
10 mm 
38 mm 
220 eV at 4.78 keV 
100-600 counts/sec. 
5-20 minutes 
Rest of the experimental procedure remained same as that in case of conventional single-
foil experiment. In case of two-foil experiment besides the foils keeping parallel to each 
other, it is essential to determine the minimum separation between the two foils for data 
analysis. This is achieved by using capacitance measurement arrangement explained in 
section 2.4. The minimum separation between the foils is determined by extrapolation of 
the plotted line, as shown in Fig. 2.7. In our experiment minimum separation was deter-
mined to be 282 //m. In both single as well as two-foil experiments, normalization of the 
x-ray data against the inherent fluctuations in the beam current and time-window of the 
data collection was achieved using two silicon surface detectors (SSBDs). The Rutherford 
scattering of the post-foil beam was obtained by using a 134 /ig/cm^ Au-foil kept at a 
few mm away from the second foil as shown in Fig. 2.4. Details of the setup have already 
been explained in Chapter-2. 
3.5 Theoretical background 
3.5 Theoretical background 
The account of vaxious theoretical inputs required for execution of experiment as well for 
the analysis of the data has been presented in this section. 
3.5.1 Charge state fraction and x-ray count rate estimation 
Knowledge of charge state fraction is an essential requirement for the data analysis of 
beam-foil experiments. Charge state fraction data not only help in line identification and 
choosing the beara-energy at which the charge state of the interest is optimum but it is 
also an essential input for the theoretical estimation of the x-ray count rates. 
The charge state fractions for the Ti beams used in this work, have been obtained 
with the code ETACHA [23]. It is a well established fact that ETACHA predictions are 
consistent with the experimental results when low beam-energy (1.6 to 2.5 MeV/A) is 
used e.g. in case of He-like ls2p ^PQ and ls2p ^P^ level lifetime measurements [6,24]. 
Although no experimental charge state fraction data are available for Ti beams in the 
energy range 2-5 MeV/A, we note that Dohmann et al. [22] have successfully investigated 
He- and Li-like Ti lifetimes at beam-energy 3.6 and 5.0 MeV/A. This is again consistent 
with the ETACHA prediction that, at low beam energies, and for a carbon-foil of similar 
thickness (60 /ig/cm^) to those used in [22] (100-160 /ig/cm^), He-like and Li-like levels are 
indeed significantly populated in the post-foil beam. We further note that the use of 216 
MeV Ti^+ beams [25] in the measurement of the ls2s ^^i - ls2p ^P2 transition energy 
in He - like Ti^ ""^  is also consistent with ETACHA charge state fraction predictions. 
This agreement of the charge state factions obtained from ETACHA with the existing 
experimental data justifies the reliability of ETACHA predictions used in our research 
work. The theoretical estimates of charge state fraction at various beam-energies have 
been presented in the Table 3.2. 
Rough estimate of the x-ray count rate was made by taking into account various the-
oretical parameters like transition probability etc. besides the physical factors like solid-
angle and efficiency of the detector, beam intensity, population of charge state of interest, 
detector distance from the point of excitation etc. The estimate predicts an x-ray count 
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Table 3.2: Theoretical charge state fractions (code ETACHA [23]) for Ti beams 
of different incident energies and charge states Qi^ emerging from the 60 
^g/cm^ carbon-foil. 
Ion beam 
Energy (MeV) 
90 
130 
145 
^in 
8 
11 
12 
Charge State Fraction (%) 
H-like 
0.2077 
1.872 
3.21 
He-like 
5.57 
19.80 
26.48 
Li-like 
18.82 
34.31 
36.55 
Be-like 
28.60 
27.06 
22.95 
rate of about 600-700 counts/sec in the post-foil beam, at the point of excitation, which 
is less than the handling capacity of data acquisition system used in the experiment. The 
prediction is also in good accord with the observed x-ray count rate. 
3.5.2 Beam-velocity calculation 
The velocity of the post-foil beam is an important requirement for transformation of 
spatial coordinates Xi to temporal co-ordinates tj. The incoming ions suffer various types 
of energy losses while traversing through foil. These energy losses in the foil were taken 
into account using code SRIM [26] and incorporated in the beam velocity calculations. 
The velocity of the post-foil beam was calculated by the formula discussed in section-1.7. 
3.5.3 Energy level structure of highly charged Ti 
In Fig. 3.2, we present lifetimes and decay modes for He-like and Li-like Ti levels of 
interest to this work. Our investigation focuses on the determination of the Is2s2p ^P",^ 
Li-like level lifetime using its magnetic quadrupole (M2) decay channel to the Li - like 
ground state (transition energy 4.69 keV [8]). We note that, for this level, a substantial 
decay through an autoionization channel (66% branching ratio [16]) is also possible. A 
theoretical investigation with the code GRASP [8] has revealed the presence of sixteen Li 
- like Ti levels, whose excitation energies with respect to the Li - like ground state lie in 
the energy range 4.673 - 4.782 keV. These levels originate from electronic configurations 
1S2S' 2Si/2, Is2p2 2pi/2_3/2, 4Pi/2,3/2,5/2, 'i^3/2,5/2, 'Sy2, Is2s2p ^P^^^ 2 no 
3/2,5/2' -'1/2,3/2 
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and ^Pi/2,3/2- The even parity levels in the list mentioned above are linked to the Li -
like ground state with low radiative transition probabilities [8] and do not contribute to 
the 4.78 keV line. With the exception of Is2s2p ''jPgV, the El transitions linking the odd 
parity levels to the Li - like ground state are significant [8,16]. These levels have very 
short lifetimes and therefore, need not be considered further. As a result, the only Li -
like level that will be considered in the analysis of the 4.78 keV line is the Is2s2p ^P^V 
level {Is2s2p ^P°^^ - ls'^2s '^Si/2 M2 transition, x-ray emission rate 1.6 x lO^s"^ [16]). We 
note further that a number of He - like levels (Fig. 3.2) may also, in principle, contribute 
to the 4.78 keV line. The He-like ls2p ^Pj" l^vel decays through an M2 transition to the 
ground state Is^ ^^o by emitting a 4.734 keV x-ray photon. The ls2s ^^o level, on the 
other hand, decays through a two-photon process [27], whereas the ls2p ^PQ level decays 
to the ls2s ^Si level through an El transition in the VUV region [13]. Therefore, these 
two levels do not directly contribute to the 4.78 keV line. The ls2p ^P" and ls2p ^P° 
levels, with lifetimes of the order of fs [13], do not contribute to the decay curves shown 
in Fig. 3.3. The only other He-like level that needs to be considered is ls25 ^Si (lifetime 
26.6 ns [13], transition energy 4.702 keV [28]). The Li-like Is2s2p ^P^^^ and the He- like 
ls2p ^P° and ls2s ^^i levels lie within 50 eV. Since contributions from these levels to 
the 4.78 keV line can not be resolved by the x-ray detector used in our experiment, all 
three levels were taken into consideration in the analysis of the 4.78 keV data. The H-like 
2s '^Sii2 level (lifetime 1.014 ns, [29]) decays mainly through a two-photon process to the 
H-hke ground state. For this level, an Ml decay by emission of a 4.966 keV photon [30] 
is also possible (decay rate 6.82xl0''s~^ [29]). However, this line has not been observed 
in the spectrum, implying that the H-like 2s ^51/2 level is not promptly populated in our 
experiment. None of the Be- and B- like Ti ions contain levels that exist within the energy 
as well as the lifetime requirements [8] imposed by the 4.78 keV peak. 
3.6 Data analysis and results 
Fig. 3.2 shows the partial level diagram of He-like and Li-like Ti levels, within the energy 
range of interest to this work with corresponding lifetimes and decay modes. Our analysis 
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Figure 3.1: Energy spectrum using an energy dispersive x-ray detector for 90 
MeV Ti beam incident on the 60 /ig/cm^ carbon-foil. 
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Figure 3.2: Transition energies and lifetimes for Li-like and He-like Ti levels of 
interest to this work ( [8,13,16,27,31]). 
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Table 3.3: EfFective decay times obtained from single-exponent fits to the 4.78 
keV Ti single-foil experiment data at various energies. 
Incident 
Ion Beam 
Xi8+ 
Tiio+ 
Tiii+ 
Energy 
(MeV) 
90 
130 
145 
Lifetime(ps) 
This work 
209±5 
386±11 
482±13 
focuses mainly on the Li-like Is2s2p P^i2 level, that partly decays (34%) [16] through a 
magnetic quadrupole {M2) transition to the ground state. A substantial decay through an 
autoionization channel (66%) is also possible. Since the He - like ls2p ^P° and Is2j9 ^P° 
level lifetimes are of the order of femtosecond, the lines that contribute to the 4.78 keV 
peak are due to the transitions Is^ 2s '^Si/2-ls2s2p ^P^j^ (4.687 keV), W ^SQ~\S2P ^P^ 
(4.734 keV) and Is^ ^So-ls2s ^Si{ 4.702 keV). These three lines lie within 50 eV and 
cannot be resolved by the detector used in our experiment. Since theoretical lifetimes for 
the corresponding upper levels are 205 ps [16], 422 ps [13], and 26.6ns [13] respectively, the 
He-like ls2p ^P^ and ls2s ^Si levels must be considered, in principle, in the analysis of 
our 4.78 keV data in addition to the Li-like \s2s2p "'-PgV level. The spectrum, cahbrated 
using a standard "^^ A^m radiation source exhibits a prominent peak at 4.78 keV (Fig. 3.1). 
The intensity of this peak was measured as a function of the detector to foil distance in 
the single-foil experiment at three beam energies (90, 130, and 145 MeV). Normalized 
count rates vs. distance are plotted in Fig. 3.3. When the curves are fitted with a single 
exponential, the lifetimes obtained are 209±5, 386±11 and 482±13 ps respectively. The 
variation of the effective lifetimes with beam-energy shown in Table 3.4 may be attributed 
to the difference in the relative intensities of the lines that contribute to the peak. 
It is interesting to note from Table 3.4 that the single-exponent fit to the 90 MeV data 
yields an effective lifetime (209±5 ps) which is close to theoretical predictions [11,16,20] 
for the Is2s2p '^ PgV lifetime. This suggests that, at this beam-energy, contributions to 
the peak from the H-like and the He-like lines are negligible. The effective decay time at 
130 MeV (386±11 ps) lies in-between the lifetimes of the Is2s2j9 ^P^j^ (198 [11], 205 [16] 
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Figure 3.3: Normalized count rate for the 4,78 keV Ti peak as a function of the 
distance between the foil and the detector in the single-foil experiment with 
different beam energies. Foil thickness was 60 /ig/cm^. 
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or 212 [20] ps) and ls2p ^P^ (422 ps) levels, whereas, the value at 145 MeV (482±13 ps) is 
slightly larger than the ls2p ^P^ lifetime, suggesting that the contribution from the H-like 
Ml line may no longer be neglected. Such variations are due to changes in the charge 
state fractions as well as in the excitation cross-sections. These observations are consistent 
with the results reported by Zou et al. [2] for Li-like and Be-like Mg levels which suggest 
that, as the beam-energy decreases, the satellite contribution increases. Our results so 
far are consistent with the observation, that low beam energies are more appropriate for 
the investigation of the lifetime of the Is2s2p ^PcV level. In order to disentangle the 
contributions of the satellite line blending from the \s2s2p '^P^/2 lifetime measurement we 
5/2 
5/2 
have kept the beam-energy fixed at 90 MeV and employed the beam two-foil technique, 
this time varying the thickness of the second (fixed) foil to 4, 8, 12 and 20 //g/cm^. The 
radiative decay of He-like ls2p ^P^ and ls2s 5^*1 excited states, and the autoionization of 
Li-like Is2s2j9 "^ -PjV excited state may generate He-like Is^ 5^*0 ground state during the 
flight between the first and the second foil. As a result of collisions within the second 
foil, He-like ground state Is^ ^^o may be re-excited to ls2s '^Si/ls2p ^P2, i, o- Further, 
more ions in the He-like ground state may undergo dielectronic capture to produce Li-fike 
Is2s2p "^ 5^/2 level. Is2s and ls2p levels may capture an electron in the 2p or the 2s shell 
as they exit the foil, thus forming Is2s2p ^P^i2- Li-like Is'^ 2s ground state levels may 
also be re-excited to Is2s2p ''PgV as a result of collisions in the second foil, whereas the 
long-lived ls2s ^^ ?i may be re-excited to ls2p ^P2 |4] or vice versa. The thicker the foil, 
the larger the probability for excitation of ls2s 5^*1 and ls2p -^P2,i,o from Is^ 5^*0 similarly 
Is2s2p ^P^i2 from Is^ 2s 5^*1/2 as well as from ls2s ^^i and ls2p -^P2°i,o- However, the 
dielectronic process of producing Is2s2j9 '^P^i^ will be reduced as more number of collisions 
will decrease the ions in the Is^ 5^*0 state. As a result, a certain number of collisions in the 
second foil will lead to an equilibrium among various excited states. For the Ti beam used 
in this work, we have estimated the mean free path for the intra-shell transition 2s - 2p 
and vice versa to be about 4 /xg/cm^ using the expression for transition probability for 
2s — 2p transitions which is given by 
\a'\ = {Z,Z2)l{2iv'){\h\' + \h\') (3.1) 
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Table 3.4: Lifetime of the Is2s2p '^P^M level in Li-like Ti obtained from 
beam single-foil and beam two-foil experiments at 90MeV (4.78 keV peak). 
The thickness of the second (fixed) foil was varied. "Experiment [22], 
''Theory[11],^Theory [20], and ^Theory [16] 
Foil thickness 
(/ig/cm^) 
4 
8 
12 
20 
Average 
Other work 
Lifetime(ps) 
215±16 
195±13 
183±15 
207±14 
200±12 
236±12'^ 
198^ 212^ 205*^  
hlh 
0.145 
0.596 
0.706 
0.793 
where Zi is atomic numbers of target, and Z2 that of projectile atoms, /g and Ig are 
contributions for excitation into m = 0 and m — ±1, respectively. The projectile velocity 
is V. The above expression for transition probability has been derived using first-order 
semiclassical Coulomb approximation by McGuire et al. [32]. Mean free paths for such 
processes that may take place when ionic levels pass through a foil have been discussed in 
[4]. Data from two-foil experiments, coupled to theoretical considerations, may therefore, 
be used for a quantitative investigation of such processes. The processes listed above 
enhance the x-ray intensity at 4.78 keV as observed in the two - foil experiments. It may 
be noted from Fig 3.4 that a drastic change, as far as trend of the curves is concerned, 
takes place as we move from the 4 /zg/cm^ to the 8 /ig/cm^ foil. This observation indicates 
that, at 90 MeV, a foil thickness of 8 /ig/cm^, corresponding to two mean free paths for 
the 2s - 2p transition [32], is almost adequate in establishing an equilibrium among the 
excited states between de-excitation processes, occurring as ions in different electronic 
states travel between the two foils and excitation, electron capture and stripping processes 
occurring at the second foil. 
We have made use of the prescription given by Nandi et al. [5,6] in the determination 
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of lifetimes. In this procedure, 4.78 keV x-ray intensity as a function of distance between 
tiie foil and the detector window were obtained with single-foil experiment (Fig. 3.3). 
Single exponential curve fitting led to determination of the effective lifetime of all the 
levels involved in the peak as given in Table 3.4. In the next experiment with two-foil 
target, normalized x-ray intensities were plotted as a function of the separation between 
the two foils (x) (see Fig. 3.4). Data so obtained were fitted with the following equation 
I{x) = he'^/"'' + hil - e-^/"'') (3.2) 
Here I{x) is the intensity as a function of x. First term represents the decay of the level 
associated with 4,78 keV peak and TI was set to a fixed value as obtained from the fit of 
the single-foil data as given in the Table 3.4. The re-population of the Is2s2p "^ PgV level 
from other levels while interacting with the second foil which leads to growing structure, 
represented by second term in the equation 3.1. The lifetime of the Is2s2p ^P^V ^^^^^ 
is T2. Same procedure was applied to data obtained from the other fixed foils (8,12 
and 20 fig/crn^). Lifetimes obtained together with previous theoretical and experimental 
results are presented in Table 3.4. The scatter in the lifetime values at different thicknesses 
of the second foil lie within 2a [a being the standard deviation), so the average value 
quoted include 2cr of error. Further, intensity ratio h/h is also given in Table 3.5. This 
ratio approaches equilibrium with increase in the second foil thickness. 
The Is2s2p j^F'gV lifetime, determined from our single-foil measurement as 209±5 ps, 
might possibly suffer from blending due to ls2p ^P2 and 1525 ^Si levels. Since the lifetimes 
of these levels are higher than the Is2s2p ^P^i^ lifetime, our 209±5 ps value provides 
an upper limit for the Is2s2p ''Pg^ lifetime. In principle, two-foil measurements should 
result in l5252|5 ^.P" „ lifet imes lower than the value 209±5 ps, irrespective of the thickness 
5/2 
5/2 
5/2 
of the second foil. Varying the thickness of the second foil gives rise to changes in the 
relative intensities of the lines originating from the three levels Is2s2p ^PgV, 1^2^ P^2° and 
ls2s 5^*1. Total effect for every foil is accounted by the intensity parameter I2 in the above 
equation. Thus, each two-foil measurement in the current study ought to give the actual 
\s2s2p ^P^i2 lifetime, irrespective of the thickness of the second foil. In addition, the 
Is2s2p ^P^i2 lifetimes, derived from two-foil measurements, should not exceed the value 
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Figure 3.4: Normalized count rate for the 4.78 keV Ti peak as a function of 
the distance between the two foils in the two-foil experiment. Beam-energy 
90 MeV, second foil-detector distance 2.5 mm, thickness of the first foil 60 
//g/cm^. 
209±5 ps. Present experimental Is2s2p '^Ps/2 level lifetime agrees well with theoretical 
values [11,16]. 
3.7 Conclusion 
The average lifetime determined by us is significantly lower than the value 236±12 ps 
reported in an earlier experimental study [22], in which an electrostatic cylindrical mirror 
analyzer was used for the detection of electrons generated through the autoionizing chan-
nel. As discussed in [22], the influence of cascades being as big as 30% requires further 
work for resolving the issue. Thus the technique introduced in the current study is capa-
ble of disentangling both cascade and blending effects. Theoretical lifetime estimates for 
this zero-nuclear spin ion lies within the uncertainty range of our experimental results, 
indicating that satellite line blending contributions to this level from the He-like ls2p ^^ 2° 
and ls2s ^^i levels are eliminated within the current approach. A previously reported 
discrepancy between experimental and theoretical Is2s2p '^Pu2 level lifetimes in V may. 
3.7 Conclusion 
as a result, be attributed to hyperfine quenching. 
In the present two-foil experiment, the maximum separation between the foils was 
18 mm only. This shortcoming of our experimental setup was rectified later on. The 
maximum flight length was increased to 60 mm and experiment was repeated at beam-
energy 95 MeV and 143 MeV, the thickness of the first foil used was 90/ig/cm^, while that 
of the second foil was 4/ig/cm^. However, this time the thickness of the second foil was not 
varied at all. By using a similar data analysis approach lifetime of Is2s2p '^P^M Ti level was 
extracted, with higher degree of accuracy (210.5±13.5 ps) [33]. The consistency between 
experimental results with the the theoretical value of Is2s2p -^PjV level lifetime in case 
Ti (1=0) supports our claim that the cascading and satellite line blending contributions 
have been successfully disentangled. Therefore, the setup can be used to study He-like 
and He-Like level lifetimes of various ion which ha,ve non-zero nuclear spin. Successful 
elimination of satellite line blending and cascading contributions in case of such systems 
would make it possible to study the influence hyperfine quenching on the atomic lifetimes. 
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Chapter 4 
State-selective excitation of Rydberg 
levels in beam-foil spectra 
4.1 Introduction 
In this Chapter, v^ e^ report experimental observation of an unknown 6.95 keV x-ray peak 
in the post-foil spectra of 164 MeV Fe beam, made incident on 90 fxg/cm'^ carbon-foil. 
Most interesting feature of this 6.95 keV x-ray peak is its peculiar time dependence. The 
intensity of this peak is almost zero at the point of excitation, as the post-foil beam 
moves away from the point of excitation, the intensity of this peak goes on increasing till 
it saturates at certain distance, i.e about 946 ps after excitation. Thereafter, intensity of 
this peak shows almost exponential fall and reaches zero at 1700 ps after the excitation. 
This delayed rise in the intensity of 6.95 keV x-ray line may be ascribed to its origin 
due to cascading process from Rydberg levels. A model has been outlined to estimate the 
range of principal and orbital quantum numbers of the Rydberg levels excited. The model 
predicts that the excited Rydberg levels are a few in number, and higher than the Ryd-
berg levels normally excited by known electron capture processes. Which is an evidence 
of non-statistical, state-selective population of high-n Rydberg levels in the beam-foil 
interactions. 
4.2 Experimental setup 
164 MeV Fe ion beam, available from the 15 UD tandem pelletron accelerator at the Inter 
University Accelerator Center (lUAC), was passed through a carbon-foil (90/ig/cm^) to 
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produce highly charged ions in the high-n Rydberg states. The detector window was 
equipped with a system of two colhmators whose axis intersected with the ion beam at 
90", 1.5 mm away from the point of excitation. It faciUtates that only the delayed x-ray 
spectra emanating from excited metastable states of ions are recorded. A germanium ultra 
low energy (GUL 0035, Canberra) detector, having a resolution of 150 eV at 5.9 keV was 
placed perpendicular to the ion beam axis. Time resolved x-ray spectra were recorded 
at different delay times by changing the inter detector-foil distance, with high precision 
(< 1/im). The delay time refers to the time taken by the post-foil beam to travel the 
distance between the foil and the detector. Hence, the error in delay time measurements 
was introduced mainly by the uncertainty in the initial foil position (1.5±0.1 mm). Silicon 
surface barrier detectors (SSBDs) were used to monitor the incident ion beam through 
elastically scattered projectiles by a Au-foil fixed at 10 mm downstream to the detector 
slit. The setup is similar to the one discussed in Chapter-2. In the present, setup only 
the flight-length was increased. 
4.3 Systematic observation 
X-ray spectra were calibrated with a radioactive ^^^Am source. A selected region of the 
observed x-ray spectra from 6 to 7.5 keV at different delay times from 260 to 1676 ps is 
shown in Fig. 4.1. The composite peak at 6.65 keV corresponding to three unresolved 
lines (viz., Is2p ^P^ - Is^ ^So (M2) at 6.682 keV, ls2s ^^i - Is^ ^So (Ml) at 6.636 keV line 
in He like Fe, and Is2s2p '^P°^i2 - ls^25 S^'1/2 line at 6.619 keV in Li-like Fe) is seen as 
an intense peak at smaller delay times and its intensity diminishes with increase in delay 
time. Interestingly, another peak on higher energy side i.e. at 6.95 keV starts showing up 
at longer delay times and then reaching a certain maximum before it disappears slowly 
with time. Intensity of the x-ray spectra so recorded were normalized with respect to 
a fixed number of elastically scattered incident ions by an Au-foil and the normalized 
intensities of the 6.65 and 6.95 keV peaks together have been plotted as a function of 
delay times shown in Fig. 4.2(a). 
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Figure 4.1: A particular region of the x-ray spectrum of 164 MeV Fe beam on 
90iJ,g/cm? carbon-foil is shown at different foil detector distances. Delay times 
corresponding to these distances are given on top of each spectrum in ps. A 
new peak at 6.95 keV starts appearing around 600 ps, reaches maximum at 
946 ps and disappears at about 1700 ps. Upward and downward arrow imply 
the increasing and decreasing intensities, of peaks respectively. 
4.4 Data fitting and analysis 
10 
> i 
4J 
•H 
CQ 
c 
(1) 
+J 
H l o ' 
TJ 
0 
m 
•ri 
H 
n) 
0 10" 
10 
Two Peaks 
I 
500 1000 
Time ( p s ) 
1500 2000 
Figure 4.2: X-ray peak intensity plot as a function of delay times: (a) combined 
intensity of the two peaks at the 6.65 and 6.95 keV energy, (b) the 6.65 keV 
peak intensity alone and (c) the 6.95 keV peak intensity alone which fitted 
with equation 4.1 [see text]. Solid lines in (a) and (b) are to guide the eyes. 
4.4 Data fitting and analysis 
The decay curve of 6.65 keV peak alone (Fig. 4.2(b)) can be fitted to a double exponential 
corresponding to He- and Li-Iike M2 lines, and He-like Ml line, respectively. However, 
intensity decay of 6.95 keV peak depicts an unexpected feature as shown in Fig. 4.3(c). 
At shorter time scales, it is affected by a growing-in effect from short lived cascading 
levels. 
The data set (Fig. 4.2(c)) has been fitted with the equation: 
I[t) = - /oen +/ie-2 + 4,1 (t - ai)2 + ao2 
Where first, second and third terms represent decay of a growing-in level, decay of the 
2s ^5'i/2 level and a resonant process (leading to the evolution of the hump like structure), 
respectively. Here ri and T2 are the mean lifetimes of the growing-in and the 2s ^5'i/2 
level respectively; a^ and fli are the half width at half maximum and the centroid of the 
Lorentzian type of structure. The equation 4.1 fits the data reasonably with ao=97 ps and 
4.4 
1000 
Time (ps) 
1500 
Figure 4.3: The data plotted have been obtained by subtracting the contribution 
of the first two terms of equation 4.1 from data in Fig. 4.2(c). The green curve 
represents the simulation of the data with equation 4.2. The red, black and 
blue curves represent the first term of equation 4.2(a) or 4.2(b), second term 
of equation 4.2(a) and second term of equation 4.2(b), respectively. 
ai=936 ps except for the positive skewness which can be seen in Fig. 4.2(c). The lifetime 
of growing-in and the decay components (ri,r2) are found to be 101±12 and 132±5 ps, 
respectively. One point may be noted here that the decay component can be also fitted by 
a power law term {I{t) = a{^)~^) to get lifetime 73 of 136±5 ps with b=1.75. Surprisingly, 
the measured lifetime for the 25 ^51/2 level is much shorter than the theoretical prediction 
of 350.6 ps [1]. Preliminary analysis of such reduction of the 2s ^51/2 level hfetime shows 
that the stopping power field in the foil may be responsible for such lifetime quenching as 
it was proposed by Dunford et al. [2]. 
Subtraction of the contribution from the first two terms of equation 4.1 from the 
data in Fig. 4.2(c) shows the hump like structure more prominently as shown in Fig. 
4.3. Short lived transition (r < Ips) produced at the foil may not reach the detector 
window, however, if the upper state of the short Uved transition gets populated right 
at the detector window then the decay must be sensed by the detector. This may be 
possible by the contribution due to cascading from the long-lived, high-n levels. This 
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consideration, together with the transition energy value, suggests us to assign the new 
line at 6.95 keV to Ly-a lines as the one involving not only 2s ^5'i/2 — Is ^51/2 (Ml) 
but also 2p ^Pi/2,3/2 — Is ^5'i/2 (El). Although, in the first instance, the 6.95 keV line 
appears to be the radiative electron capture (REC) peak of the 6.65 keV line, its delayed 
appearance rules out this possibility, as REC is prompt phenomenon. 
Theoretical 2p '^ Pi/2,3/2 level lifetime of 3.498 x 10"^^ sec [3] confines a decay length (vr) 
of 0.082 /im for a velocity of 2.357 x 10 °^ mm/sec implying that the level 2p ^Fi/2,3/2 will 
decay within a few ^m. Thus, in order to observe the 6.95 keV line, the 2p ^Fi/2,3/2 level 
must get populated right at the detector window. Such a physical situation is possible 
only if the 2p ^Pi/2,3/2 levels get populated due to the depopulation of high lying Rydberg 
levels and continue to populate the immediate lower levels in succession until they end up 
in the ground state. Such a sequential cascading will lead to various transitions in difi^ er-
ent wavelength regions. However, the detection system used in the present experiment, 
can monitor x-rays corresponding to the lowest transitions (2p ^Fi/2,3/2 and 2s ^51/2 to 
Is 5^*1/2) in H-hke Fe ions. 
Homma et al. [A] have studied the evolution of excited states in an atomic hydrogen 
beam, undergoing radiative cascade after formation by the charge exchange in a gas cell. 
A simple one-parameter model of the charge-exchange excitation probability has been 
used to estimate the initial population of high-n Rydberg states and further the time 
dependence on the cascade population of the low lying states. They have shown that 
time dependence of the 2s ^51/2 state population from n = 10 is quite sudden [5]. Such 
onset type of behavior can be possible if only a few selected Rydberg levels are populated. 
Our data clearly show such evidence Fig. 4.2(c). Since lifetime of 2p -^Pi/2,3/2 is very short 
(3.498 X10"^^ sec), both the growth and decay may follow the Lorentzian trend. However, 
decay of long lived 2s ^51/2 will be exponential. Thus the intensity distribution of the 
data shown in Fig. 4.3 phenomenologically may be represented by the time dependent 
expression: 
^ ^ = T+ xl^~^ + T, ^ ^ ~ T 2 ^ ^ «2 4.2 o 
[t - aiY -{- aQ^ [t - 02)2 + a'o 
Yit) = — ^ ' — ^ + C2expi-^-) i>a, L2{h) 
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where Ci and C2 are peak intensities of the H-like El and Ml transitions, ai and 02 
centroids of the Ell and Ml intensity distribution, OQ and a'o half widths at half maximum 
for El and Ml intensity distribution, respectively. The first and second terms in equation 
4.2(a) represent the intensity distribution of El transition and growth of 2s ^5i/2 level 
respectively, while the second term of equation 4.2(b) represents decay of the 2s ^5i/2 
level having mean lifetime r, 350.6 ps [1] as in flight the stopping power field is absent. 
Simulation with the equation 4.2 fits the data smoothly as shown in Fig. 4.3. 
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The center of the Lorentzian profile (290±5) in Fig 4.3 gives a measure of the time 
taken by an electron to cascade down (step-wise) from the high-n Rydberg states to the 
corresponding low lying excited states from which x-ray emission is observed i.e 2p -^Pi/2,3/2 
or 2s ^51/2 state in our case. We have attempted to estimate the quantum numbers of 
these high-n Rydberg states populated selectively in H- and He Like Fe ions in beam-foil 
excitation, in the light of cascade model derived on the basis of ladder-like de-excitation 
chain satisfying Bethe and Salpter hypothesis on the transition probabilities [6]. 
Within the frame work of relativistic dipole approximation, the mean lifetime for an 
electronic state T(n, /), (/ 7^  0) in a H-like ion of nuclear charge Z [5] is given by 
T{n,l)=TQXnH{l + l)/Z^ 4.3 
where TQ — .^^j, 21 =93.42 ps and {i is the reduced mass of the nucleus and an electron. 
The Tiri^ I) values so obtain for large principal and orbital quantum numbers n, I {n, I > 1) 
values are accurate, where as for small n,l the dipole approximation gives only rough 
estimates. Calculated lifetime values for some high-n Rydberg levels of He-like Fe are 
found to be closed to the observed centroid of the hump like Lorentzain profile shown 
in Fig. 4.3. Lifetime of Rydeberg levels n = 133 to 126, / = 1 lie within the centroid 
of the observed Lorentzain profile. If these levels are populated in principle, they can 
decay directly to ground state via El transitions, as it is governed by the electric dipole 
selection rule for high-n and low / Rydberg states. However, we never observed any such 
decay in the post-foil spectra of Fe, rather, we observed the decay of 2s '^Si/2, 2p ^Pi/2,3/2 
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states decaying to ground states. These facts suggests that some high-n. Rydberg states 
populated in our experiments are characterized not only by high n but high I also (for high 
/ direct de-excitation to ground state is not possible as A/ >1 is forbidden). Hence, the 
high-n and / excited Rydberg levels would decay through ladder-like de-excitation chain. 
We propose a cascade model which assumes that high (n, I) levels cascade down stepwise 
satisfying Bethe and Salpeter hypothesis [6]. The model sums up the T{n,l) values from 
level (n, /) to either (n = 2, / = 1) or (n = 2, / = 0) to obtain the cascading time, T(n, I), 
with the condition that An = A/ = 1. Only the levels with / = n - 1 and I — n -2 can 
satisfy the above criterion and / = n - 1 levels may finally pass through the 2p ^Pi/2,3/2 
state and I = n -2 levels through the 2s 5^1/2 states. 
n,l—n—l n,l=n—l 
T''\n,l)= Y^ T{n,l) T'^\n,l)= ^ T{n,l) 4.4 
n=3,i=2 n=:3,i=l 
The total cascading times T{n, I) calculated for various n and / values have been presented 
in the Table 5.1. Simulation of the data with the equation (4.2), Fig. 4.3 shows good 
agreement with the parametric values 6976±1113, 1000 ±160 photons/sec, 90, 70, 920di5 
ps and 1000±5 ps for Ci,6*2,0,0,00 , ai, and 0,2, respectively. The centroid 0,1 and 02 so 
determined compare well with T{n = 17, / = 16)=907.5 ps and T{n = 18, / = 16)=1107.7 
ps, respectively Elence the levels n = 17, / = 16 and n = 18, / = 16 are mainly responsible 
for feeding the 2p ^Pi/2,3/2 and 2s 5^1/2 states which, in turn, causes the distinct hump 
like peak in the decay curve of the 6.95 keV line (Fig. 4.2 and Fig 4.3). In contrast, 
majority of the growing-in component (101 ±12 ps) discussed above, may originate from 
n = 12,/ = 11 and n = 12,/ = 10 because cascading times for T(n = 12,/ = 11) and 
T(n = 12,/ = 10) of 116.5 and 94.2 ps, respectively, are in good agreement. It may 
be noted here that cascading time for the neighboring states are 69.9 and 153.5 ps for 
T(n = 11,/ = 10) and T(n = 13, / = 12), respectively. Hence, the kinematic condition 
of this experiment allows electron capture prominently taking place at n = 12,/ = 11 
and n = 12, / = 10. There are various sets of other levels such as n = 82 — 83, / = 2; 
n = 60 - 63, / = 3 and so on (not shown in the table). Such low / Rydberg levels may 
directly decay to ground state via El transition, in that case the hump like Lorentzain 
structure would not be there in the decay curve. Therefore, we can say that the Rydberg 
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excitations takes place to a few selective high-n and high / states. Hence, there are 
two different atomic processes responsible for populating normal Rydberg and high-n 
Rydberg levels, respectively. Interestingly these two atomic processes are well resolved in 
the present experiment. Clearly, the growing-in cascade effect fed by the excited states 
(from T{n = 12,/ = 10,11)) produced during the collision is different from a peculiar 
hump (from (n = 17,18,/ = 16)) built up on the background as shown in Fig. 4.2(c) 
when the exponential decay, representing the statistical decay of the 2s'^Si/2 level comes 
close to the back ground. The feature in Fig. 4.3 clearly shows that populations of the 
2s^5i/2 level have reached near to the background level when the cascading process of 
high-n Rydberg levels starts populating them. Electron capture by highly charged ions 
populates highly excited states, which can be observed as cascades to the decay of Ly -a 
line, appearing as the background radiation. The delayed appearance of Ly-a line in a 
peak like structure confirms that the high-n Rydberg states are predominantly populated 
by some other process. Mechanism for the population of such high Rydberg levels is 
not yet known to us. Appearance of the unexpected hump may result from the high-n 
Rydberg states formed by a near resonance process and most of them are around the level 
n = 17 and / = 16 in the present experiment. In an attempt to verify such phenomena, 
another experiment with the 170 MeV Ni beam on a carbon-foil target was carried out. 
Here also, we observe a peak at 8.06 keV (Ly-a transition in H-Hke Ni) similar to the 6.95 
keV peak seen in the current experiment. Its intensity decay as a function of delay time 
shows exactly the same trend as in Fig. 4.2. Preliminary analysis of the Ni on C data 
thus confirms the conclusion drawn above. 
Calculated charge state distribution fraction for the ions after passage through the foil 
using the formalism of Shima et al. [7] shows that the fully stripped Fe-ions may also 
be produced (0.005%) at this beam-energy. Therefore, excitations in the H-like ions and 
single electron capture processes to fully stripped ions may lead to low-lying and high-
lying excited states. These give rise to emission of Ly-a line and cascading effects in its 
decay. Population of the Rydberg levels with a very specific quantum number (n, /) takes 
place by a yet unknown, near resonant process, and radiative cascades from such levels 
has caused Ly-a transitions after about 600 ps or so and decay in next 1000 ps. 
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Table 4.1: Cascading t ime T{n,l) for the for high n and / states excited due 
interaction of Fe ions with Carbo-foil. The bold-faced figures in the table are 
in agreement with measured centroid. 
n 
20 
19 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
l = n - l 
2373.37 
1751.9 
1272.35 
907.53 
634.34 
433.38 
288.49 
186.39 
116.33 
69.7 
39.77 
21.37 
10.64 
4.78 
1.83 
/ = n - 2 
2096.04 
1536.71 
1107.64 
783.35 
542.31 
366.46 
240.89 
153.38 
94.1 
55.24 
30.75 
16.03 
7.68 
3.29 
1.18 
/ = n - 3 
1836.69 
1336.25 
954.85 
668.71 
457.79 
305.4 
197.76 
123.73 
74.31 
42.52 
22.93 
11.48 
5.22 
2.08 
0.68 
/ = n - 4^ 
1595.34f[ 
1150.5 i 
813.97 
563.6 
380.8 
250.18 
159.1 
97.4 
56.97 
31.54 
16.3 
7.72 
3.25 
1.15 
0.31 
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Figure 4.4: Time dependent excitation and de-excitation process in H-like Fe 
ion during t=0 to t=1700 in the post-foil beam. The known processes lead to 
the background whereas the unknown process yields distinct hump/peak in 
the decay of Ly-a line. 
4.6 Conclusion 
4.6 Conclusion 
On the basis of above discussed model, we can conclude that the high-n Rydberg states 
are formed selectively along with the low lying levels due to electron capture processes. 
Such Rydberg states may in turn populate the fully vacant n =• 2 sub shells to give rise 
to Ly-o; lines through successive radiative cascades. Variation of Ly-a line intensity with 
time can be explained well with the proposed time dependent model. Estimated cascading 
times using the lifetimes given by Merxer and Spruch [5], together with the Bethe and 
Salpeter condition, suggest that the high-n Rydberg levels are predominantly populated 
with the quantum numbers n = 17 and / = 16 as well as n = 18 and / = 16 in present 
collisions. In contrast, lower Rydberg states populated from the previous known electron 
capture processes are significant around n = 12, / = 11,10. Radiative cascades from such 
high-n Rydberg levels can populate n — 2 states, which in turn results in appearance of 
Ly-a transition around 920±5 ps. Present work, thus, gives a conclusive evidence of the 
phenomena in which the selective high-n Rydberg levels are produced. 
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Chapter 5 
Observation of a few new lines in the 
beam-foil spectra of V, Fe and Ni 
5.1 Introduction 
Delayed beam-foil x-ray spectra of highly charged ions of V, Fe and Ni show a few lines at 
energies higher than the H-like Ly-a line of the respective projectile ions. These lines can 
only be attributed to heavier ions. Further, the time dependence of such une:!cpected lines 
display a peculiar behavior. In this Chapter, we present the experimental observations 
and identification of such lines systematically. 
5.2 Need for line identification 
The advent of rockets and satellites has enabled astrophysicists to record spectra over 
a wide spectral range including VUV and x-ray, which in turn help them to actively 
study the chemical and physical properties of the solar atmosphere [1]. A large number 
of the solar emission lines have not yet been identified and it is expected that beam-foil 
measurements can help in the identification of some of such lines. However, very often it 
is seen that many lines observed even in the beam-foil spectra itself, can not be identified 
[2]. Many such lines have been classified as transitions belonging to multiply excited 
states [3], Rydberg levels [4] and metastable states [5]. Radiative electron capture (REC) 
phenomenon [6] and resonant transfer and excitation mechanism [7] have also helped to 
identify certain previously unknown spectral features. Recently, new processes such as the 
Fermi-shuttle mechanism [8], interference eflfects in one-molecule collision [9], and Thomas 
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mechanism in electron capture by fast projectiles [10] ha,ve been discovered. However, all 
these processes can not explain the origin of all the lines observed in the spectra from 
ion-atom collisions by fast projectiles. In this work, we have made an attempt to explain 
the origin of some unidentified lines observed in the foil excited, delayed spectra of V, Fe, 
and Ni beams in the energy range 150-170 MeV. 
5.3 Experimental setup 
In our experiment, V, Fe and Ni ion beams in the energy range of 150-170 MeV were passed 
through a carbon-foil to produce highly charged ions in the excited states. De-excitation 
was studied as a function of distance between the foil and the detector with an energy 
dispersive x-ray semiconductor detector placed at right angle to the beam axis. To study 
nuclear transfers, if any, during the beam-foil interaction a high purity Germanium 7-ray 
detector (HPGe) was coupled with the experimental setup at the beam-dump. The 7-ray 
spectra recorded from this detector may give signature of any nuclear transfer during 
the beam-foil interaction [12]. The details of the experimental setups used have been 
discussed in Chapter-2 and reference [11]. 
5.4 Systematic observation 
Typical delayed beam-foil spectra of V, Fe and Ni are shown in Fig. 5.1 which consists 
mainly of two major peaks (5.17 KeV and 6.1 KeV in case of V, 6.6 KeV and 8.1 keV in 
case of Fe, and 7.8 keV and 9.3 keV in case of Ni ion beam). Low resolution of the energy 
dispersive x-ray crystal detector used for the experiment did not permit full resolution of 
spectral lines. Therefore, the intensity of the combined peaks are plotted as a function of 
the distance between foil and the detector. These peaks are tentatively identified and are 
given in Table 5.1. 
In the Ni spectrum, one unexpected peak has been observed at 9.3 keV in addition to 
Ly-a and (3 lines in H-like Ni, Ml and M2 transitions in He-like Ni and M2 transition in 
Li-like Ni. We performed similar experiments with Fe and V projectiles. The delayed Fe 
spectra show two lines at 8.1 and 8.6 keV which cannot be assigned to Fe either. These 
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two lines agree with Ly-a transitions of Ni and Cu, respectively. In the 160 MeV beam-foil 
V spectra, an unexpected line appears at 6.43 keV. This also, could not be classified to 
belong to V, but seems to belong to Mn only. 
REC photo peaks are estimated to be at 9.67 keV for 170 MeV Ni experiment and 8.55 
keV for 164 MeV Fe experiment. Observed peak shape at 9.3-9.6 keV in Ni experiment 
and 8.1-8.5 keV in Fe experiment do not resemble REC photo peaks around the estimated 
photo peak energies. Further, it was noticed that observed peaks did not shift with 
incident beam energies. This rules out possible occurrence of these peaks from REC 
process. 
It may be worth mentioning that the spectral feature at high energy side disappears at 
lower beam-energy as shown in Fig. 5.2(c). No noticeable spectral lines show up in the 
background spectrum as shown in the Fig. 5.2(a). Further, when carbon-foil was replaced 
by an Au-foil the spectrum displayed H-like lines of the corresponding beam. This may 
be because Au-foil was thicker than the carbon-foil (with thicker foils H-like charge state 
shows up). The spectrum did not exhibit the unexpected peaks around 6.1 keV at all, as 
shown in Fig. 5.2(b). 
Isotopically pure beam should not have any impurity and the observed x-ray spectrum 
must strictly be due to the transitions in the projectile ions. X-rays emanating from the 
foil excited projectiles, enter the detector through very narrow collimators so that any 
contribution form impurity in the target-foil material is also very unlikely. 
Beam energies used in the experiment were above the Coulomb barrier (Table 5.1) and 
may lead to formation of evaporation residues as predicted by PACE [13] calculation. 
Such nuclear products may capture electrons from the exit surface of the foil which in 
turn lead to x-ray spectra. Accordingly, the aforementioned lines at 9.3 of Ni, 8.06 and 
8.6 of Fe and 6.43 of V experiments, can be tentatively assigned to Ly-a transition of 
H-like Zn, H-Like Ni, H-like Cu, and H-like Mn ions respectively. This classification was 
substantiated with an observed 7 line of Zn at 953.9 keV by the high purity Germanium 
detector (HPGe) kept at the beam-dump during Ni experiment as shown in Fig. 5.3. 
5.5 Discussion and conclusion 
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X-ray intensity decay of the above mentioned unexpected peaks are shown in Fig. 5.4. 
Decay of 8.1, 8.25 and 8.6 keV combined peak (Fig. 5.4(b)) in the beam-foil spectra of 
164 MeV Fe on C has hinted to some delayed phenomenon. Such phenomenon appears to 
be more prominent in the decay of 9.3 and 9.6 keV combined peak (Fig. 5.4(c)) observed 
in the Ni experiment. This sort of observation was restricted in case of V experiment 
may be due to limited flight path (Fig. 5.4(a)). Intensity decay of 9.3 and 9.6 keV 
peak observed in the spectra of 163 MeV Ni on C has a peculiar structure (Fig. 5.4(c)). 
Intensity decay in the beginning of the curve is obvious, however, it grows considerably 
after a certain flight time up to a maximum and then starts decaying to its ground state. 
Above mentioned unexpected time dependence indicates a delayed phenomena followed 
by a prompt one. The underlying reasons of the peculiar time dependence of these decay 
curves may lead to exploration of new features in the atomic collision physics. 
5,5 Discussion and conclusion 
Table 5.1: Tentative identification of the unknown lines in the post-foil spectra, 
along with Coulomb barrier of the reaction of the projectile ions with carbon-
foil, transition energies of the observed x-ray peaks and the corresponding 
levels, for of V, Fe and Ni ion-beams used in the experiment. 
Ion 
Beam 
160 MeV llY 
164 MeV llFe 
170 MeV ^^Ni 
Coulomb 
Barrier 
112.3 MeV 
135.22 MeV 
149.08 MeV 
Peak 
energy 
5.17 keV 
5.42 keV 
6.15 keV 
6.43 keV 
6.65 keV 
6.95 keV 
8.06 keV 
8.25 keV 
8.6 keV 
7.8 keV 
8.06 keV 
9.3 keV 
9.59 keV 
Ionic 
State 
V21 + 
V21+ 
Y20+ 
Y22+ 
Mn23+ 
Mn22+ 
Mn24+ 
Fe24+ 
Fe24+ 
Fe23+ 
Fe25+ 
Ni27+ 
Fe25+ 
Cu28+ 
Ni26+ 
Ni26+ 
Ni25+ 
NF+ 
Zn29+ 
Ni27+ 
Transition 
levels 
ls2p 3 F ° - l5^ 'So 
ls2s 3^1- Is ^So 
Is2s2p ^P5°/2-ls2 2s 2^1/2 
2p 'Pl/2,3/2- Is ^Si/2 
ls2p 3 F ° - ls2 1^0 
I s2s2p ^P5°/2-l52 2s ^Si/2 
2p 2PL/2 ,3 /2 - I S 'SI/2 
ls2p 3po - 15^ 1^0 
ls2s ^Si- Is 'So 
Is2s2p ^P5°/2-ls2 2s 2^1/2 
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Figure 5.1: Delayed beam-foil x-ray spectra of various ions. 
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Figure 5.2: Post-foil x-ray spectra showing (a) x-ray background without any 
foil, the absence of any unexpected line (b) with an Au-foil, and (c) at low 
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Figure 5.3: 7-spectrum with HPGe detector showing 953.9 keV 7-line of ggZn 
during Ni experiment. 
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Figure 5.4: Normalized intensities for the unexpected peaks observed as a func-
tion of the distance between the foil and the detector for: (a) The Combined 
peak around 6.15 keV in the spectrum of 160 MeV V on C, (b) the 8.06-8.6 
keV peak in the spectrum of 164 MeV Fe on C, and (c) the 9.3-9.6 keV peak 
in the spectrum of 163 MeV Ni on C. The notations of curves are as follows. 
Dotted line: An eye guide to the experimental data. Solid line: Exponential 
"Background" under the structure that was determined by fitting two expo-
nential functions to the experimental data in (a) and (b), and by fitting one 
exponential function in (c). The dashed line in (b) and (c): The difference 
between the experimental data points and the exponential background. The 
minimum distance between the foil and the detector was fixed to 2.5 mm. 
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Chapter 6 
Summary and scope for future 
research work 
6.1 Importance of beam-foil spectroscopy 
The energy level spectra and lifetime of highly charged ions have been studied for so 
many years. The other physical quantities of interest for highly charged ions are transi-
tion wavelengths, excitation and ionization energy, fine and hyperfine structure etc. All 
such experimental information are of great interest in atomic physics theory, for instance 
to understand the electron correlation and relativistic effects on atomic structure. The 
applications of the atomic data in astrophysics, plasma physics as well as research towards 
controlled thermonuclear fusion and even in x-ray fine structure of nano-particles is well 
recognized. 
A variety of experimental techniques have been developed for research in modern atomic 
physics. One of the most versatile and powerful technique is the beam-foil technique. 
This technique is very simple in execution as far as lifetime measurements are concerned. 
Till date, it has highest number of experimentally determined lifetime values to its credit. 
Unlike other techniques, it has access to any ionization state of any element under suitable 
condition. However, this technique often suffers from cascade and satellite line blending 
problems, as state selective population is not possible in beam-foil source. This is due to 
statistical nature of beam-foil interactions. 
Beam two-foil spectroscopy, another variant of beam-foil spectroscopy, is a handy rem-
edy to disentangle the satellite line blending contributions to the extracted lifetimes. 
6.2 Objective of the research work and facility development 
Excited states originating from the first foil are made to pass through a second foil which 
is 8-15 times thinner than the first foil. The interaction of exited state from the first foil 
with the second foil depends upon the configuration and type of the excited state. The 
technique has the potential to make lifetime measurements of the states which are not 
accessible using standard beam-foil technique. However, data analysis in case of two-foil 
experiment is not so straight forward because instead of one, now two excitation foils 
are used. To extract satellite blending free lifetimes, the data obtained from single-foil 
experiment is analyzed first, the effective lifetime values so extracted are used as basic 
inputs for the two-foil data. 
6.2 Objective of the research work and facihty devel-
opment 
The basic goal set before starting of the research work was to develop a dedicated setup to 
conduct lifetime measurement experiments at lUAC, and to make study of a few species 
of highly charged ion using the setup. 
Earlier studies on V and Ni discussed in section 3.2, were done in general purpose 
scattering chamber beam-line by using a distance recoil measurement (RDM) Setup, a 
facility dedicated to nuclear physics experiments. The maximum flight length that RDM 
setup offers is only 10 mm, besides it does not have an option of changing the thin-foils 
online for two-foil lifetime measurement experiments. To change the thickness of the 
second foil, one has to vent the setup which is tedious and time consuming process also. 
The RDM setup does not give option to monitor the beam while beam tuning. As the 
setup was not dedicated for atomic physics experiments, modifications to it have to be 
done before and after every experiment. Keeping in view the requirements, it was decided 
to develop an experimental setup dedicated for atomic physics experiments. Therefore, 
the setup described with complete details in Chapter-2 was developed and commissioned 
in the LIBR beam-line. Main advantages of the setup are the large flight length of the 
setup, option for using multiple thin foils and study of post-foil beam etc. 
6.3 Studies on highly charged ion 
6.3 Studies on highly charged ion 
The newly commissioned setup gave us a unique opportunity to explore the Is2s2p "^ P^ V 
level lifetime of Li-like Ti for the first time using its x-ray decay channel, with large flight 
length as well at various thicknesses of the second foil, the results so obtained were in 
good agreement with the theoretical ones. Apart from lifetime measurements, the setup 
was also used for various other kinds of experiments, results from a few of which have 
already been discussed in Chapter-4 and Chapter-5 of this thesis. 
6.4 Future scope of work 
The 15 UD pelletron accelerator is a versatile, heavy ion tandem Van de Graaff type 
electrostatic accelerator capable of accelerating any ion from proton to uranium up to 
energy of 200 MeV depending on the ion. However, this much of beam-energy is not 
sufficient to make lifetime measurements in heavy elements with Z >40. Therefore, it 
is not possible to determine the lifetime of various unknown levels at the higher Z end 
due to the limit on accelerator beam-energy. Even at low Z, one has to suffice with low 
count rate as charge state fraction of ion of interest is small in the post-foil beam. One 
way to overcome this low count rate problem is to increase the data collection time, in 
other words accelerator beam-time, which is not feasible beyond a certain limit as the 
accelerator facility itself is not dedicated to only one branch of physics. 
The upcoming of LINAC at lUAC in Beam-hall II would solve the beam-energy problem 
to a great extent. It has the potential to deliver beam-energy up to ~ 1000 MeV. Thus, 
it would become possible to get access to atomic states for lifetime measurements which 
were previously forbidden due to beam-energy limitation. 
On the other hand, the development and commissioning of an ultra high resolution 
detector known as Doppler tuned spectrometer (DTS) by the atomic physics group at 
lUAC would solve the low resolution problem faced in case of conventional beam-foil 
experiments using energy dispersive solid state x-ray detectors. The expected resolution of 
DTS is about 5 eV, which is good enough to suffice all the resolution requirements of beam-
foil experiments. Recently DTS was successfully tested in the general purpose scattering 
6.4 Future scope of work 
chamber at lUAC. The DTS would be commissioned in future in Beam-hall II. Once these 
experimental facilities are commissioned at lUAC, the observations presented in Chapter-
4 and 5 of this thesis may provide simulating grounds for planning new experiments. 
Besides the facility would also open a new gateway for wide variety of novel atomic 
physics experiments ranging from PIXE to Coincidence measurements. 
Development of Atomic Physics Facility at Inter University Center 
Plate I : Atomic Physics facility in early stage at Inter University Accelerator Center. 
Plate II: Movable thick-foil holder and the rail-track (left), Linear motion feed through 
used for the precise movement of the thick foil holder. 
Plate III: Target foils of various tliicl<nesses. 
Plate IV: Inclined Straight electrostatic analyzer developed for charge state fraction 
measurement. 
Plate V: Inside view of the target cliamber. 
Plate VI: Offline view of the thick carbon and Gold foils through a view port. 
Plate VII: A gamma ray detector being coupled with tlie setup at beam-dump. 
Plate VIII: Online testing of Doppler Tuned Spectrometer in GPSC Chamber. 
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A facility for lifetime measurement of melastable states in highly charged ions using the beam-foil 
technique with a single-foil and a two-foil target has been developed. In the two-foil technique, one 
foil moves with respect to the other and the option of varying the thickness of the fixed foil online 
has been implemented. A holder with multiple foils is used as a fixed target, and moved along x, y, 
and 6, the angle of rotation with respect to beam direction along the z axis. Using this facility, the 
He-like Lv2/? •'Pj arid Li-like ls2s2p'^P'^/2 titanium lifetimes have been measured and compared 
with earlier values. In addition to this, the processes which occur when excited states collide with 
carbon foils of different thicknesses have also been investigated. Preliminary results suggest the 
scope of studying intrashell transitions during ion-solid collision using this setup, In this article, the 
setup is described in detail and representative results are briefly discussed. © 2006 American 
Institute of Physics. [DOI: 10,1063/1,2186212] 
I. INTRODUCTION 
The beam-foil spectroscopic technique is an important 
tool to study the physics of highly charged ions. Beam-foil 
interactions produce various excited states in several charge 
states of the ions in the poslfoil beam which lead to very 
complicated spectral features. In order to detect the lines 
belonging to long lived levels, the detector is kept at some 
distance away from the target foil to detect only delayed 
spectra. In this case the spectra are much cleaner, because 
short lived lines will not appear in them. Still some problems 
remain due to the presence of satellite lines, i.e., the lines 
emanating from neighboring charge states. High resolution 
spectroscopic measurements are required to resolve these 
lines. Although crystal spectrometers may well resolve the 
closely spaced lines in x-ray region, low efficiency makes 
the lifetime measurements difficult. The beam-foil time of 
flight technique using energy dispersive solid state detectors 
suffers from blending problems along with cascading effects. 
•''Author to whom correspondence should be addressed; electronic mail: 
nandi@nsc.crnet.in 
However, the cascading is independent of spectral resolution. 
Satellite blending may be avoided to a great extent at high 
beam energy such that the charge state of interest in the 
postfoil beam is well below the mean charge state q. On the 
other hand one has to opt for low beam energy to reduce the 
cascade contribution,' Therefore, it is difficult to meet both 
the conditions, i.e., reduction of cascading and reduction in 
satellite line blending, simultaneously. Since most of the cas-
cading levels decay to the metastable states through short 
lived E\ transitions, cascading does not impose much prob-
lem for the study of metastable states. Therefore, for lifetime 
measurement of satellite levels one can make use of the 
charge states well above q also. 
The points discussed so far can only reduce but cannot 
eliminate the blending problem. In order to eradicate the 
blending problem, a new method to analyze the data ob-
tained from beam-foil time of flight technique with a single-
foil as well as a two-foil target has been introduced in our 
laboratory " and is called the iterative multicomponent ex-
ponential growth and decay analysis. This technique does not 
restrict the measurement at any particular charge state of the 
postfoil beam, as it is well suited even at q. Recent measure-
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FIG. 1. Schematic of the experimental 
arrangement. 
menls using this method not only have resolved the satellite II- EXPERIMENTAL SETUP 
blending arising from the Ml Is^ls Sy2~ ^slslp ^P'l,i2 line 
but also measured the lifetime of the partially autoionizing 
satellite level \s2s2p ^P'in '" Li-like vanadium. The facility 
used for the earlier experiments '^  had a small flight length 
(^12 mm). Recently, we have developed a dedicated setup 
having a larger flight path of about 90 mm. In this article, we 
report the salient features of the experimental setup in detail 
and the results obtained for the lifetime measurement of the 
Li-like titanium \s2s2p^P'^i2 and the He-like titanium 
\s2p ^ 2 levels. The present facility keeps an option of vary-
ing the thicknesses of the second foil for each beam energy 
used. We also discuss the interaction mechanism of the ex-
cited states generated during passage of the beam through the 
first foil, as well as through the thin carbon foils (second foil) 
of different thicknesses. 
The schematic of the experimental setup as shown in 
Fig. 1 was used at the Inter University Accelerator Centre 
(lUAC), New Delhi, India for the lifetime measurement of 
the metastable states of highly charged ions. Figure 2(a) 
shows the cross-sectional view of the experimental chamber 
which is 356 mm in diameter and 316 mm in height with the 
following features: (a) an arrangement to load the single car-
bon (first) foil on a stand mounted in the horizontal rail en-
abling movement in the beam direcdon, and (b) an arrange-
ment to load a number of thin (second) foils having different 
thicknesses on a multifoil holder capable of moving in the 
vertical direction. The beam collimator, the first carbon foil, 
and the gold foil were placed on the horizontal rail track. 
Optical alignment of the beam collimator and the first, sec-
FIG. 2. (a) Cross-sectional view of the 
experimental chamber (not to scale); 
(b) enlarged view of a fixed thin foil 
frame in the multiple-foil holder. 
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ond, and gold foil holder along the beam direction was car-
ried out using a theodolite. The vacuum in the chamber was 
maintained at 1 X 10"^ ' Torr throughout the experiment, with 
the help of a 250 1/s turbo molecular pump. The x rays, 
emerging from the foil-excited beam, were passed through a 
collimating system consisting of three slits in the direction 
perpendicular to the beam axis, and detected by a germanium 
ultralow energy detector from Canberra, model GUL 0035, 
with energy resolution [full width at half maximum 
(FWHM)] of 160 eV at 5.9 keV line of an '^^ Fe source. Reso-
lution of the detector worsens up to 220 eV for the observed 
peak at 4.78 keV due to Doppler broadening and blending 
contributions from a number of levels. 
During the lifetime measurement the exciter or the first 
foil moves upstream to the beam, which makes it difficult to 
normalize the photon counts. A photon detector moving 
along with the exciter foil would have been a good choice. 
We have used the elastically scattered projectile ions from a 
fixed gold foil for normalization of the x-ray photons during 
the experiments with the single- as well as the two-foil tar-
get. The gold foil was mounted on a target holder similar to 
the first foil holder adjacent to the second foil and kept sta-
tionary throughout the experiment. The particle flux was 
measured by two silicon surface barrier detectors (SSBDs) 
mounted independently and anchored to the chamber base 
plate at ±30° to the beam axis, as shown in Fig. 1. A tanta-
lum collimator of 1 mm diarneter was placed in front of each 
SSBD and two such detectors were used in order to take care 
of the minor deflection of the beam in either direction. Inten-
sity decay curves were normalized using this method, which 
agree to within 3%-5% with the charge normalization 
method using a deep Faraday cup. 
The major components are described below in detail. A 
stepper motor was fitted to the upper lid of the chamber for 
the vertical movement of the multiple-foil holding ladder. Its 
shaft coincides with the central axis of the chamber. The 
rotational movement of the shaft helped in making the two 
foils parallel to each other. A multiple-foil holder (170X20 
X 10 mm )^ made of aluminum was fixed to the motor shaft 
by means of a thick teflon piece which provides an appropri-
ate mechanical guide as well as electrical insulation required 
for the capacitance measurement (discussed later). Slots of 
8 X 1.4 mm^ were made along the breadth of this holder at 
each foil position. When the foil frame is fixed in front of 
this slot, it behaves like a slit for the emerging x rays. Three 
carbon foils having thicknesses of 4, 8, and 12 /xg/cm' were 
fixed on the multiple-foil holder with one position kept blank 
for the conventional beam-single-foil experiments. The rail 
track arrangement was placed horizontally at the required 
height by means of three pivots fixed on the base plate of the 
chamber as shown in Fig. 2(a). It is an aluminum piece 
(240 X 60 X 30 mm-') having a tapering slot at a certain angle 
and a rectangular slot at the bottom to guide the foil move-
ment along the beam direction. The base of the stand holding 
the first foil fits into the groove and moves freely. A Teflon 
piece was fixed on this stand to ensure electrical insulation 
required for measuring the minimum distance using the ca-
pacitance measurement method. A hole of 10 mm diameter 
at the appropriate height in the Teflon piece allows the inci-
Rev. Sci. Instrum, 77, 033107 (2006) 
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FIG. 3. Arrangement for the measurement of the minimum distance be-
tween the two foils. FF indicates the fixed foil, MF the movable foil, C, the 
capacitance due to the two foils, and C the capacitance of the dc filtering 
capacitor. 
dent beam to pass through it. An Al base for the target 
holder, having a 10 mm diameter hole, was fixed in front of 
the Teflon piece, as shown in Fig. 2(a). A viton 0-ring was 
also placed in between the Teflon piece and the Al base of 
the foil holder to ease the alignment between the two foils. A 
90 /ig/cm^ carbon foil, lifted on a foil holder, was fixed to 
the base using a thin layer of adhesive. 
To achieve fine horizontal movernent, a motorized linear 
motion feedthrough (model MFL-275-4) and a programable 
motor logic controller (model MLC-1, programable indexer/ 
driver) were procured from Huntington Laboratories Inc. The 
linear motion feedthrough (LMF) had the following features: 
linear travel of 4 in., shaft pitch of 0.125 in., and inotorized 
accuracy of 25 000 microsteps/revolution. The LMF was 
connected to the base of the first carbon foil holder. The 
distance traveled in a single step is 0.127 ytim. A computer 
program developed in house was used to control and read 
back its movement through a PC. 
For precise lifetime measurement, it is essential to make 
the foils flat which may not be achieved by stretching the 
carbon foils mechanically. A method was developed to en-
sure that the carbon foils remain stretched while being lifted 
on the target frame. Figure 2(b) shows the Al target frame 
(2 X 20 mm^ diameter) having a 6 mm hole in the center 
with tapering on one side. Further it was well polished using 
powders of different grades so that the polished conical sur-
face allows the water to slide down through the rear side of 
the foil when the foil is lifted out of water. Carbon film 
deposited on the surfactant coated glass plate was floated on 
25% alcohol-water mixture. This reduces the surface tension 
of water, which in turn decreases the tension on the foil and 
hence results in a wrinkle-free foil. The success rate for mak-
ing thin, stretched carbon foils was high using this method. 
Figure 3 shows the capacitance measuring arrangement, 
inside the chainber, for determination of the minimum dis-
tance between the two foils to make them parallel' and to 
calibrate the motorized LMF. In this method a small, fixed 
voltage pulse V,- from a pulse generator was applied to one of 
the foils in such a way that the output, VQ, is less than 10 V. 
The output signal was taken to an amplifier through a charge 
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FIG. 4. Graph of V"' v,s the distance between the two foils. 
sensitive preamplifier and finally read on an oscilloscope/ 
MCA. VQ is proportional to CjVi and thus it is inversely 
proportional to distance d. Variation of VQ becomes nonlinear 
or discontinuous when the two foils touch each other. Be-
yond this, the variation is linear as shown in Fig. 4. This 
method is applied until VQ drops to 0.5 V, though for larger 
distances calibrated LMF is used. In the experiment, the 
minimum distance of separation between the two foils was 
measured up to 83±1 fj.m. 
Besides the beam-foil x-ray spectroscopy, the present 
setup had also been used to study A'-shell and L-subshell 
ionization cross section of solid as well as gas targets by 
high-velocity, heavy ion impact. During the beam-foil ex-
periments, passage of high energy (150-170 MeV) heavy 
ion beams (Z= 20-28) through carbon foil causes nuclear 
reaction. For online studies on such nuclear products, a pro-
vision of placing a HPGe detector at the beam dump for y 
spectroscopy is provided. This in turn will help us in study-
ing atomic physics aspects involving the nuclear products. 
III. RESULTS AND DISCUSSION 
The results of an experiment using the above experimen-
tal facility are presented here. Figure 5 shows the partial 
level diagram of He-like and Li-like '^ '^ Ti levels of our inter-
lonization threshold 
[4.1 ts] 
[205 psj [422 ps) 
[26.6 ns 
\'\n \iS '^ iM \'\ii 
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FIG. 5. Theoretical transition energies (not to scale) and lifetiine.s (Refs. 
8-10) for Li-like and He-like titanium levels of interest to this work. 
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FIG. 6. A delayed x-ray .spectrum for 143 MeV titanium beam incident on 
the 90 ;Ug/cm' carbon foil. 
est with the corresponding lifetimes and decay modes. Our 
analysis focuses on the Li-like \s2s2p'*P"^i2 and He-like 
l.s'2p •'P? levels. The former state partly decays (34%) (Ref. 
8) through a magnetic quadrupole (Ml) transition to the 
ground level and through an autoionization channel (66%) to 
the He-like ground state. Since the He-like \s2p ^P'l and 
1 xlp ^Pl level lifetimes are of the order of femtoseconds, the 
lines that contribute to the 4.78 keV peak (Fig. 6), as cali-
brated using a '^"Am radiation source, are due to the 
slslp'Pl 
.V2 (4.69 keV), 
3c 
b-'So-h2/7-V? \s^2s "Sip-
(4.734 keV), and \s^'SQ-]S2S'S^ (4.702 keV) transitions. 
The observed peak agrees within ±80 eV of the theoretical 
estimate of about 4.78 keV. These three lines lie within 
47 eV (Fig. 5) and cannot be resolved spectrally by the de-
tector used in our experiment for x-ray spectroscopy. Theo-
retical lifetimes for the corresponding upper levels are 205, 
ps 422 ps, and 26.6 ns, respectively. 
The intensity of the 4.78 keV peak was measured as a 
function of the detector to foil distance in the single-foil 
experiment and as a function of the distance between the two 
foils in the case of the two-foil experiment. For every beam 
energy used, the single-foil data showed a multiexponential 
decay curve but the two-foil data contain an exponential de-
cay due to the \s2s2p "^P'^n level along with a growing com-
ponent due to the electron capture to He-like \s2p' P'j and 
s2s2p "Plij^ level dur-\s2s •'5, levels from the repopulated 
ing the collision with the second foil. Analysis gives an im-
pression that the He-like \s2p^P2 level contributes in a 
strong way to the growing component while the contribution 
from the l.y25^5', level was neghgible. Feeding now this 
He-like \s2p ^ P" level lifetime component in the single-foil 
data we can disentangle the effect of two levels, He-like 
ls2p ^Pl and Li-like \s2s2p "Pj/j, and find out the Li-like 
\s2s2p'^Pli2 level lifetime. In this way from the growing 
component of the two-foil data. He-like \s2p ^ P'j level life-
tiine was determined. This method of data analysis involves 
both single-foil as well as two-foil data iteratively, which in 
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TABLE I. Comparison of lifetiines (ps) for the He-like ls2p ^P'j and Li-like 
\s2s2p^F^i2 ''"Ti levels obtained from combined beam-single-foil and 
beam-two-foil experiments. 
Upper level 
\s2s2p'Fl, 
Present 
210.5+13.5 
404±I9 
Lifetime 
Previous 
236+12" 
200 ±12' 
404+40" 
Theory 
212' 
205'* 
422' 
"Reference 16. 
''Reference 17. 
"^ Reference 13. 
•'Reference 18. 
''Reference 8. 
turn help us to separate out the contributions from transitions 
in the other charge states that cannot be spectrally resolved. 
Measurements are carried out at 95 and 143 MeV to obtain 
the mean values for He-like \s2p ^P" and Li-like 
\s2s2p ''F5/2 's^sl lifetimes, which are compared with earlier 
values in Table I. Further details can be seen elsewhere.'' 
Another variant of the beam-two-foil experiment has 
also been used. Here the option of varying the thickness of 
the fixed foil in the beam-two-foil technique has revealed a 
new way to measure the lifetime of the \s2s2p ^P';,^_ level in nantly present in the ]s2p "V^ subshell jumps with a high 
FIG. 7. X-ray intensity as a function of the distance between the two foils. 
Various carbon foils of thicknesses of 0, 4, 8, and 12 /ig/cm^ were used as 
.second foils. These foils correspond to 0, 1, 2, or 3 collisions in the second 
foil with 143 MeV '"*Ti beam. Foil thickness of 0 figlcm^ implies that the 
experiment was done with single-foil target only (i.e., no second foil). Life-
time measurements performed with the single foil up to 80 mm showed 
clearly tw6 exponents. But the curve had been curtailed at 40 mm as the 
two-foil experiments were not extended up to that. Here the distance of 
0 mm implies that the minimum distance between the second foil and de-
tector was about 2.5 mm. The solid lines are to guide the eyes only. 
Li-like titanium. In this method, instead of different beam 
energies, various foils of different thicknesses at the second 
foil position were used to obtain the lifetimes of He-like 
probability to the 1,52.? S, subshell on first collision; in the 
next collision it returns to the ls2p ^Pl subshell, and in the 
third collision it again goes back to the \s2s'Sf subshell. 
s2p^Pl and Li-like \s2s2p*P"^,2 levels'^ at 90 MeV beam Hence, the oscillation in the population of l,v2.rP'2 and 5/2 
energy. Results obtained compare very well with the above 
mentioned experiinental values, as well as with the theoreti-
cal values, as shown in Table I. 
Now we will discuss the interaction mechanism of the 
excited states with thin foils. The probabilities for 2s-2p 
excitation and vice versa are often large compared with those 
for excitation from one shell to another (including the con-
tinuum), since the 2s-2p energy difference is relatively 
small. If the probability for excitation within an atomic 
shell is large, then the electron may jump back and forth 
rapidly between the sublevels during the collisions. The 
probability for 2s-2p excitation is required in some cases to 
compute effective fluorescence yields used to relate x-ray 
rates to the collision rates, McGuire et al. estimated the 
25-2/7 excitation probabilities for collisions with the high-
velocity heavy projectiles. Using these probabilities a mean 
free path is calculated. If the thickness of the fixed carbon 
foil is chosen to be about one mean free path then predomi-
nantly only one collision may take place between the ions 
and the carbon atoms. Appropriate thickness of the second 
foil was chosen so that on the average one, two, and three 
collisions probably take place in the second foil. This enables 
us to study the interaction mechanism of an excited state on 
one, two, or three collisions in the second foil. We observed 
the intensity decay as shown in Fig, 7, The normalized x-ray 
intensity observed with the single foil reduces by about a 
factor of 6 due to a single collision at the second foil. How-
ever, on the next collision the intensity increases by about a 
factor of 2,5, One additional collision brings the intensity to 
half. Such observations imply that the electron predomi-
]s2p S'l levels leads to an oscillatory structure of the total 
intensity observed with the number of collisions. It has been 
found that five to six collisions in the second foil are suffi-
cient to reach an equilibrium. Such a process of electron 
changing its position within a shell has been observed for the 
first time (Fig, 7), Detailed analysis, including the oscillation 
mechanism, theoretical simulations and fitting of the data to 
find the probability for 2s-2p excitation, will be published 
elsewhere, ' 
IV. DISCUSSION 
A beam-two-foil experimental setup, having the provi-
sion to change the thickness of the second foil, has been 
developed and tested for lifetime measurements as well as 
for the investigation of the interaction mechanism of excited 
states with thin carbon foils. Using the present setup, the 
measured lifetimes show very good agreement with earlier 
measureinents,''"' while interaction mechanism studies hint 
on population transfers from one state to another within a 
shell during a collision, 
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Abstract 
Delayed beam-foil X-ray spectra of highly charged ions of V, Fe and Ni show a few lines at energies higher than the 
H-like Lyman a-line of the respective projectile ions. These can only be attributed to heavier ions. Further the time 
dependence of such unexpected lines display a peculiar behavior. This work presents the experimental observations 
systematically. 
© 2005 Published by Elsevier B.V. 
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1. Introduction 
The advent of rockets and satellites has enabled 
astrophysicists to record spectra over a wide range 
including VUV and X-ray which in turn help them 
to actively study the chemical and physical proper-
ties of the solar atmosphere [1]. Not all solar emis-
sion lines have yet been identified and it is expected 
that beam-foil measurements can help in the iden-
tifications. However, very often it is seen that 
Corresponding author. 
E-mail address: nandi@nsc.ernet.in (T. Nandi). 
0168-583X7$ - see front matter © 2005 Published by Elsevier B.V. 
doi:10.i0I6/j.nimb.2005.03.104 
many lines observed in the beam-foil spectra can 
not be identified [2]. Many such lines were classi-
fied as transitions belonging to multiply excited 
states [3], Rydberg levels [4] and metastable states 
[5]. Radiative electron capture (REC) phenome-
non [6] and resonant transfer and excitation mech-
anism [7] have also helped to identify certain 
previously unknown spectral features. Recently, 
new processes such as the Fermi-shuttle mecha-
nism [8], interference effects in ion-molecule colli-
sion [9], and Thomas mechanism in electron 
capture by fast projectiles [10] have been discov-
ered. However these processes can not always 
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explain the origin of all the hnes observed in the 
spectra from ion-atom collisions by fast projec-
tiles. In this work, we have made an attempt to ex-
plain the origin of some unidentified lines observed 
in the foil excited, delayed spectra of 150-170 MeV 
V, Fe and Ni beams. 
2. Experimental setup 
In our experiment 23V, j^Fe and 28Ni ion beams 
of 150-170 MeV energy were passed through a 
carbon foil to produce highly charged ions in the 
excited states. De-excitation was studied as a func-
tion of distance between the foil and the detector 
with an energy dispersive X-ray semiconductor 
detector placed at right angle to the beam axis. 
The detector was equipped with a system of 3 sHts 
at 2.5 mm from the closest position of the target. 
Low energy Germanium (LEGe) detector with a 
resolution of 160 eV at 5.9 keV peak of ^^ Fe source 
was used for X-ray detection. Resolution deterio-
rates to 200 eV due to Doppler broadening. Sche-
matics of the experimental setup (Fig. 1) was 
similar to the one used in [11]. High purity Germa-
nium y-ray detector (HPGe) was also employed la-
ter as described in [12]. 
3. Observation and discussion 
Typical delayed beam-foil spectra are shown in 
Fig. 2 which consists mainly of two major peaks. 
Resolution of the detector used in the experiment 
•)^F-Cu[j/Detectorp^' 
Fig. I. Schematics of the experimental setup (not to scale) used 
for this work. 
63 10 
Photon energy-
Fig. 2. Delayed beam-foil X-ray spectra of various ions. 
did not permit full resolution of spectral lines.As 
a result, the intensity of the combined peaks are 
plotted as a function of the distance between foil 
and the detector. These peaks may be tentatively 
identified as given in Table 1. In the Ni spectrum, 
one unexpected peak has been observed at 9.3 keV 
in addition to Lyman a- and P-lines in H-like Ni, 
MI and M2 transitions in He-like Ni and M2 tran-
sition in Li-like Ni. We performed similar experi-
ments with Fe and V projectiles. The delayed Fe 
spectra show two lines at 8.1 and 8.6 keV which 
cannot be assigned to Fe either. These two lines 
agree with Lyman (x-transitions of Ni and Cu, 
respectively. In the 160 MeV beam-foil V spectra, 
an unexpected line appears at 6.1 keV. This could 
also not be classified to belong to V, but seems to 
belong to Mn only. 
REC photo peaks are estimated to be at 9.67 
keV for 170 Mev Ni experiment and 8.55 keV for 
164 MeV Fe experiment. Observed peak shape at 
9.3-9.6 keV in Ni experiment and 8.1-8.5 keV in 
Fe experiment do not resemble REC photo peaks 
5042 Rev. Sci. Instrum., Vol. 75, No. 11, November 2004 Nandi et al. 
(b) 
FIG. 1. (a) An inclined plate electrostatic analyzer (IPESA) having the 
plates (AB, CD) inclined at angles d„ with re.spect to beam direction. P(p, ff) 
is a representative point on the ion trajectory and <t is the exit angle of the 
ion leaving the field region, (b) An inclined straight electrostatic analyzer 
(ISESA) having an inclined plate AB and a straight one, CD. In this case the 
inclined plate subtends an angle 0„ with the beam axis. A mirror reflection 
about CD is drawn also to make the geometiy of an ISESA symmetric as 
that of an IPESA. The beam axis shift along CD as well as the inclined plate 
and its ininor meet the beam axis (CD) at 0'. O'A is now 2fi. 
/= v'M2f^„)) ds 
0 <{l+{qV0)/{WMy (4) 
where s is the total path traveled by the ion in the field 
region. The tjnit velocity vector at the exit is given by 
e„ = {plv,peiv) = (a,,ag) = (,'(1 - ««), a^ )^, 
where 
dslA^+{qVd)l{WM). (5) 
The angular deflection 0=sin"'(Q'9), of an ion thus can 
be calculated numerically.^ 
An IPESA could be used for dispersing both positive and 
negative ions simultaneously. Further more, an ion beam 
could be deflected towards either plate in case of beam lines 
for low energy ions. Three dedicated beam lines in the 
400 kV ion accelerator laboratory at the Tata Institute of 
Fundamental Research, Mumbai were developed using one 
IPESA.'' However in the case of a beam foil or beam-gas 
interaction only the positive charge states are populated so 
that one can use an analyzer having only one plate mcTmed 
and the other straight with respect to the beam axis. ISESA 
results may be obtained from an IPESA simulation by put-
ting i?-^2i? and V-*2V [see Fig. 1(b)]. To compare differ-
ent ESA we call a parallel plate geometry equivalent to an 
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FIG. 2. Comparison of the properties of an ISESA with those of other 
geometries: (a) The deflection of the ions plotted against different charge 
states for K==20 kV, 6'„-3°, (f„-100 MeV, and /=400 mm. (b) A plot il-
lustrating the variation in the mean resolution with the beam energy, (c) A 
bar Chart showing the charge states that can pass through the analyzer. 
IPESA as an EIPESA, where the gap of an EIPESA equals 
(entry gap+exit gap)/2 of the IPESA. Similarly, we define 
an EISESA. The deflection angles of the ions as functions of 
beam energy, applied voltage, charge state, plate length, and 
Bo we have calculated for an ISESA and compared with other 
geometries [see Fig. 2(a)]. 
One can see from these simulated data that the maxi-
mum deflection is obtained in case of an ISESA. Since the 
spatial resolution varies slightly with charge states, we have 
taken the arithmetic mean of the resolution of charge states 
from 15 to 30 rather than resolution of a particular charge 
state in consideration. An ISESA yields a reasonable spatial 
mean resolution over a wide range of beam energies as is 
shown in Fig. 2(h). This feature of an ISESA leads to reduc-
tion of the drift space, and applied voltage which is highly 
beneficial from a practical as well as from an economical 
point of view. We note that even at moderate voltages most 
of the charge states hit the plate in case of the parallel plate 
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geometiy while a large number of charge states can pass 
through an ISESA as shown in Fig. 2(c). Thus an ISESA 
favors larger plate lengths for a wide range of charge states. 
Further it eliminates the need for higher plate voltages over a 
wide range of beam energies. 
We also note that the minimization of fringing fields for 
ISESA is the same as for the parallel plate condition as VI 
+ K2 = 0 is satisfied,'" where V\ and V2 are the potentials 
applied to the plates. Further simulations using a standard 
ion optics simulation program SIMION 7.0 (Ref ll) shows 
that the effect of the fringing fields was similar to the case 
for parallel plate condition. Unlike for mass spectrometers 
used for nuclear physics experiments fringing fields do not 
affect the charge state analysis much. Therefore an ISESA 
has been fabricated for charge state analysis required for 
alomic pViysics e'xpeTiTneTits m\'o\^ing ViigVi'iy cViarged TOTI-S Z\ 
our center without any fringing field shunt. 
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Table 1 
Coulomb barrier of the reaction of the projectile ions with C target, transition energies of the observed X-ray peaks and the 
corresponding levels, for various ion beams used in the experiment 
Ion beam Coulomb barrier (MeV) Peak energy (keV) Ionic state Transition levels Decay channel 
160 MeV 55 V 
164 MeV ^^Fe 
nOMeV'SNi 
112.3 
135.22 
149.( 
5.17 
5.42 
6.15 
6.43 
6.65 
6.95 
8.06 
8.25 
8.6 
7.8 
8.06 
9.3 
9,59 
y21 + 
V21 + 
y30+ 
y22+ 
Mn"" 
Mn22+ 
Mn^"* 
Fe-"" 
Fe^"" 
Fe^'" 
Fe"" 
Ni^'" 
Fe"" 
Cu2«+ 
Ni26+ 
Ni^ <^ + 
Ni"-^ 
Ni"-^ 
Zn^'* 
Ni"-^ 
ls2p'P'2'- Is^'So 
ls2s'S, - Is'So 
ls2s2p''P'5'/2 - ls22s^S|/2 
2p'P,/2.M - is'S,/2 
l s2p 'P5- Is^'So 
ls2s2p''P?/j-ls22s2S|/2 
2p'P,/2,3/2 - ls'S,/2 
Is2p3p?- Is'''So 
ls2s'S, - Is'So 
ls2s2p''P5/2 - ls-2s2Si/2 
2p P.V2.1/2 ~ ls"S]/2 
2p^Pl/2..V2- Is''Si/2 
3p P1/2..V2 - ls 'S|/2 
2p^Pl/2,.V2 - ls''S,/2 
l s2p 'P^- Is^'So 
l s 2 s ' S | - Is'So 
ls2s2p''P?/2 - ls22s2Si/2 
2p^Pl/2,.V2- ls;|S|/2 
2p^P|/2..1/2 - ls;JSi/2 
3p^P|/2..V2 - ls"Si/2 
(M2) 
(Ml) 
(M2) 
(El)Lya 
(M2) 
(M2) 
(El) Lya 
(M2) 
(Ml) 
(M2) 
(Ml) Lya 
(El) Lya 
(El) Lyp 
(El) Lya 
(M2) 
(Ml) 
(M2) 
(El) Lya 
(El) Lya 
(EI) Lyp 
around the estimated photo peak energies. Fur-
ther, it was noticed that observed peaks did not 
shift with incident beam energies. This rules out 
possible occurrence of these peaks from REC 
process. 
It may be worth mentioning that the spectral 
feature at high energy side disappears at lower 
beam energy as shown in Fig. 3(c). No notice-
able spectral lines show up in the background spec-
trum as shown in the Fig. 3(a). Further, when C foil 
was replaced by a Au foil the spectrum displayed 
H-like lines of the corresponding beam also at 
5.42 keV. This may be because Au foil was thicker 
than the C foil (with thicker foils H-like charge 
state shows up). The spectrum did not exhibit 
the unexpected peaks around 6.1 keV at all in 
Fig. 3(b). 
Isotopically pure beam should not have any 
impurity and the observed X-ray spectrum must 
strictly be due to the transitions in the projectile 
ions. X-rays emanating from the foil excited pro-
jectiles enter the detector through tight collimators 
so that impurity from target material is also very 
unhkely. 
Beam energies used in the experiment were 
above the Coulomb barrier (Table 1) and may lead 
to formation of evaporation residues as predicted 
by PACE [13] calculation. Such nuclear products 
may capture electrons from the exit surface of 
the foil which in turn lead to X-ray spectra. 
Accordingly, the aforementioned lines at 9.3, 8.1 
and 8.6, and 6.43 keV observed in Ni, Fe and V 
experiments, respectively can be tentatively as-
signed to Lyman a-transition of H-like Zn, H-Like 
Ni and H-like Cu, and H-like Mn ions. This clas-
sification was substantiated with an observed y-
line of %Zn at 953.9 keV by the high purity 
Germanium detector (HPGe) at the beam dump 
during Ni experiment as shown in Fig. 4. 
X-ray intensity decay of the above mentioned 
unexpected peaks are shown in Fig. 5. Decay of 
8.1, 8.25 and 8.6 keV combined peak (Fig. 5(b)) 
in the beam-foil spectra of 164 MeV Fe on C has 
hinted to some delayed phenomenon. Such phe-
nomenon appears to be more prominent in the 
decay of 9.3 and 9.6 keV combined peak (Fig. 
5(c)) observed in the Ni experiment. This sort of 
observation was restricted in case of V experiment 
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Photon Energ i^^  (keV) 
Fig. 3. Post-foil X-ray spectra showing: (a) X-ray background 
without any target, the absence of any unexpected line; (b) with 
an Au target and (c) at low beam-energy. 
5 1400 
1100 H 
940 960 980 
Photon energy (keV) 
Fig. 4. y-Spectrum with HPGe detector showing 953.9 keV 
y-line of'^Zn during Ni experiment. 
due to limited flight path (Fig. 5(a)). Intensity de-
cay of 9.3 and 9.6 keV peak observed in the spectra 
0 100 200 300 400 500 600 700 
Fl ight time (ps) 
Fig. 5. Normalized intensities for the unexpected peaks 
observed as a function of the distance between the foil and 
the detector for: (a) The combined peak around 6.15 keV in the 
spectrum of 160 MeV V on C; (b) the 8.06-8.6 keV peak in the 
spectrum of 164 MeV Fe on C and (c) the 9.3-9.6 keV peak in 
the spectrum of 163 MeV Ni on C. The notations of curves are 
as follows. Dotted line: an eye guide to the experimental data. 
Solid line: Exponential "Background" under the structure that 
was determined by fitting two exponential functions to the 
experimental data in parts (a) and (b), and by fitting one 
exponential function in part (c). The dashed line in parts (b) and 
(c): the difference between the experimental data points and the 
exponential background. The minimum distance between the 
foil and the detector was fixed to 2.5 mm. 
of 163 MeV Ni on C has a peculiar structure (Fig. 
5(c)). Intensity decay in the beginning of the curve 
is obvious, however, it grows considerably after a 
certain flight time up to a maximum and then 
starts decaying to its ground state. Above men-
tioned unexpected time dependence indicates a 
delayed phenomena followed by a prompt 
one. Detailed analysis is in progress to learn the 
possible reasons of such interesting features 
observed. 
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4. Conclusion References 
195 
Beam-foil experiments with beam energies 
above the Coulomb barrier may produce hues of 
heavier ions than the projectile ion. Time depen-
dence of such lines shows a peculiar structure. 
We hope the underlying reasons of the unexpected 
time dependence may lead to exploration of new 
features in the atomic coUision physics. 
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Lifetime for Li-like Ti Is2s2p ^Pl^^ '^ v^el using a mode of beam-two-foil experiments 
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The option of varying thickness of the fixed foil in the beam-two-foil technique has been incorporated in our 
experimental setup. It gives an opportunity to explore a new mode of this technique. In the current study, we 
have investigated the lifetime of the \s2.s2p'^P'lp level in Li-like titanium using this technique. The data 
showed a dependence of foil thickness of the fixed foil on the interactions of levels produced in the first foil. 
Average lifedme obtained for the Li-like titanium \ s2s2p'^P"^i2 level (200±12 ps) is compared very well with 
the earlier theoretical and experimental values. 
DOl: 10.1103/PhysRevA.72.0227ll PACS number(s): 34.50.Fa, 32.30.Rj, 32.70.Cs 
I. INTRODUCTION 
The beam-foil time of flight technique is a unique method 
for measuring lifetimes in highly charged ions [1], This tech-
nique however often suffers froin cascade and blending prob-
lems which alter considerably the lifetimes under investiga-
tion. The use of different beam energies and careful analysis 
however may resolve these problems to a certain extent [1]. 
Special care is needed in cases for which both satellite line 
and the line of interest arise together in the measurement. 
The analysis of such cases within the framework of standard 
beam-foil approaches is not at all straightforward. The use of 
beams of higher energy in the measurement of the 1 s2p V j 
level lifetime in ions in the regime Z=20-50, increases 
blending froin the hydrogenlike M\ line and lowers blending 
froin satellite lines. Satellite lines are not resolved by the 
energy dispersive solid state x-ray detectors commonly used 
in beaiTi-foil experiments (for example [2,3]) for ions up to 
Z~50 . The upper level of any satellite is partially autoion-
izing, and decay through both autoionization and radiative 
channels is possible. Our recent work [4] shows that use of 
the the beam-foil technique [1] coupled with the use of the 
two-foil technique [5], enables the resolution of the satellite 
blending problem in lifetime measurements in He-like vana-
dium [4]. It was subsequently shown in our laboratory that 
the contribution of the hydrogenlike M\ line may also be 
con'ected within the beam-two-foil approach as shown in the 
study of the \s2p'P" level lifetime in He-like nickel [6]. 
Recent measurements in our laboratory have not only re-
solved satellite blending arising from the A/2 
Is'^ls 'S | /2- I.s2.52/;i *P'i^/2 line but have also led to the mea-
surement of the lifetime of the partially autoionizing satellite 
level \s2s2p ^P'l^p in Li-like vanadium. In the present study, 
we address the issue of the lifetime of the partially autoion-
izing satellite \s2s2p'^Pli2 level in Li-like Ti using beain 
single-foil and two-foil technique in a new mode. Here the 
foil thickness of the second or fixed foil is varied for a cer-
tain beam energy. We report the results obtained for the life-
time of the \s2p2s '^P"^i2 level in Li-like Ti using the present 
novel technique. We also discuss the interaction mechanism 
4Sn between excited states, generated as -,'{^1 beams passing 
through the first foil, and thin carbon foils of variable thick-
ness used as fixed foil. 
II. EXPERIMENT 
48^ 
''Einail address; nandi@nsc.ernet.in 
The ^''Ti ion beam used in the experiment was obtained 
from the 15 MV Pelletron accelerator at the Nuclear Science 
Centre, New Delhi. A collimated Ti beam of 3 mm diaineter 
was excited by passage through a 60 / ig /cnr carbon target 
movable along the beam. In the two-foil experiment, the 
beain then passes through a second, fixed carbon foil whose 
thickness was varied to 4, 8, 12, and 20 /ig/cm-. The experi-
ment was performed with 90, 130, and 145 MeV ''^Ti beams 
in a setup siinilar to one used in [4,6]. Germanium ultra low 
energy detector from Canberra, model GUL 0035 with a 
resolution of 160 eV at 5.9 keV line of '^^ Fe source was used 
for x-ray detection. The peak width increases up to 220 eV 
for the observed peak at 4.78 keV due to Doppler broadening 
and blending contribution from nuinber of levels. Details 
may be found elsewhere [7]. 
III. RESULTS AND DISCUSSION 
Figure 1 shows the partial level diagram of He-like and 
Li-like ''^Ti within the level energy range of interest to this 
work and corresponding lifetimes and decay modes. Our 
analysis focuses mainly on the Li-like \s2.s2p P^/j level, 
that partly decays (34%) [8] through a magnetic quadiiipole 
(A/2) transition to the ground state. A substantial decay 
through an autoionization channel (66%) is also possible. 
Since the He-like \s2p ^P^ and \s2p -V',' level lifetimes are 
of the order of femtosecond, the lines that contribute to the 
4.78 keV peak are due to the transitions 
l5- 2s -S^p~\s2s2p ^Pli2 (4.687 keV), Lr '5(,-].y2/j V? 
(4.734 keV) and l.r ^S^^~\s2s^S^ (4.702 keV). These three 
lines lie within 50 eV and cannot be resolved by the detector 
that was used in our experiment. Since theoretical lifetimes 
for the corresponding upper levels are 205 ps [8], 422 ps 
[10], and 26.6 ns [10], respectively, the He-like \s2p ^P'2 and 
\s2s ^S, levels must be considered, in principle, in the analy-
l050-2947/2005/72(2)/0227ll(5)/$23.00 02271 ©2005 The American Physical Society 
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FIG. 1. Transition energies and lifetiines for Li-like an(J He-like 
titanium levels of interest to this work [8-12]. 
sis of our 4.78 keV data in addition to the Li-like 
h2.92/5 V^'/, level. 
The spectrum, calibrated using a standard """Am radiation 
source exhibits a prominent peak at 4.78 keV (Fig. 2). The 
intensity of this peak was measured as a function of the 
detector to foil distance in the single-foil experiment at three 
beam energies (90, 130, and 145 MeV) and normalized 
count rates vs distance are plotted in Fig. 3. When the curves 
are fitted with a single exponential, the lifetimes obtained are 
209±5, 386±11, and 482±I3 ps, respectively. The variation 
of the apparent lifetimes with beam energy shown in Table I 
may be attributed to the difference in the relative intensities 
of the lines that contribute to the peak (Table II, code 
ETACHA[15]). 
It is interesting to note (Table 1) that the single-exponent 
fit to the 90 MeV data yields a lifetime (209+5 ps) which is 
close to theoretical predictions [8,16,17] for the \s2s2p ^P%2 
lifetime. This suggests that, at this beam energy, contribu-
tions to the peak from the H-like and the He-like lines are 
400 
300 
5 200 
100 
4.78 keV 
0 U-<*.*if<^»i«rtiMW<wi*J» t^f»W 
2.37S 3.567 4.756 
Energy (keV) 
5.945 7.134 
FIG. 2. Energy spectrum using ullra-low-energy germanium de-
tector (90 MeV titanium beain incident on the 60 ;ug/cm^ carbon 
foil). 
10 20 
Distance (mm) 
FIG. 3. Normalized couni rale for the 4.78 keV lilanium peak as 
a function of the distance between the foil and the detector in the 
single-foil experiment with different beam energies. Foil thickness 
was 60 iJiglcnr. 
negligible. The apparent decay time at 130 MeV 
(386± 11 ps) lies in-between the lifetimes of the 
\s2s2p V^/2 (198 [17], 205 [8], or 212 [16] ps) and \s2p ^P^ 
(422 ps) levels, whereas the value at 145 MeV (482± 13 ps) 
is slightly larger than the 1 s2p V j lifetime (Table II), sug-
gesting that the contribution from the H-like Ml line may no 
longer be neglected. Such variations are due to changes in 
the charge state fractions as well as in the excitation cross 
sections. These observations are consistent with the results 
reported in Table II of [18] for Li-like and Be-like Mg levels 
which suggest that, as the beam energy decreases, the satel-
lite contribution increases. Our results so far are consistent 
with the observation that low beam energies are more appro-
priate for the investigation of the lifetime of the \s2s2p '^P%2 
level. In order to disentangle the contributions of the blend-
ing lines from the \s2s2p P^p lifetime measurement we 
have kept the beam energy fixed at 90 MeV and employed 
the beam-two-foil technique, this time varying the thickness 
TABLE I. Effective decay times obtained from single-exponent 
fits to the 4.78 keV Ti single-foil experitnent data at various 
energies. 
Incident 
ion beam 
Energy 
(MeV) 
Lifetime(ps) 
This work 
Ti8+ 
Ti'"+ 
Ti"^ 
90 
130 
145 
209 ±5 
386±n 
482±13 
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TABLE II. Theoretical charge state fractions (code ETACHA 
[15]) for titanium beams of different incident energies and charge 
states Qii, emerging from the 60 /tig/cm- carbon foil. 
Ion beam 
Energy (MeV) 
90 
130 
145 
Qi„ 
8 
11 
12 
H-like 
0.2077 
1.872 
3.21 
Charge state 
He-Hke 
5.57 
19.80 
26.48 
fraction 
Li-like 
18.82 
34.31 
36.55 
(%) 
Be-like 
28.60 
27.06 
22.95 
of the second (fixed) foil to 4, 8, 12, and 20 /Mg/arr. 
The radiative decay of He-like \s2p ^P'2 and \s2s ^S, ex-
cited states, and the autoionization of Li-like \s2s2p P'i^p 
excited states may generate He-like [$- 'SQ ground state dur-
ing the flight between the first and the second foil. As a result 
of collisions within the second foil. He-like ground state 
\s^ '^ Q may be reexcited to \s2s ^S^/\s2p ^P^ ^Q. Further, 
more ions in the He-like ground state may undergo dielec-
tronic capture to produce Li-iike \s2s2p'^P^i2 level. \s2s 
and 1 s2p levels may capture an electron in the 2p or the 25 
shell as they exit the foil, thus forming \s2s2p '^P%2- Li-like 
\s^2s ground state levels may also be reexcited to 
as a result of collisions in the second foil, 
to 
152^ 2/3 V^/2 
whereas the long-lived 152.9'S', may be reexcited 
l52p "'f 2 [5] or vice versa. The thicker the foil, the larger the 
probability for excitation of 1525 •'5, and \s2p^P2\Q from 
152 '5, Q similarly l5252p 4 no from l5-25"5|p as well as 
from 1525*5, and 152/j'/"T , Q. However the dielectronic 
process of producing ]s2s2p f"^/2 will be reduced as more 
number of collisions will decrease the ions in the l5^ '5Q 
state. As a result, a certain number of collisions in the second 
foil will lead to an equilibrium among various excited states. 
For the titanium beam used in this work, we have estimated 
the mean free path for the intrashell transition 2s-2p and vice 
versa to be about 4 /xg/cnr using Eq. (A17) of [19]. Mean 
free paths for such processes that may take place when ionic 
levels pass through a foil have been discussed in [5]. Data 
from two-foil experiments, coupled to theoretical consider-
ations, may therefore be used for a quantitative investigation 
of such processes. 
The processes listed above enhance the x-ray intensity at 
4.78 keV as observed in the two-foil experiments. It inay be 
noted (Fig. 4) that a drastic change, as far as trend of the 
curves is concerned, takes place as we move from the 
4 /ig/cm- to the 8 fig/cnr foil. This observation indicates 
that, at 90 MeV, a foil thickness of 8 fig/cm-, corresponding 
to two mean free paths for the 2s-2p transition [19], is al-
most adequate in establishing an equilibrium amoung the 
excited state, as far as the x-ray intensity at 4.78 keV is 
concerned, between deexcitation processes, occurring as ions 
in different electronic states travel between the two foils, and 
excitation, electron capture and stripping processes occuixing 
at the second foil. 
We have inade use of the prescription given by Nandi 
et al. [4,6] in the determination of lifetimes. In this proce-
dure, 4.78 keV x-ray intensity as a function of distance be-
tween the foil and the detector window were obtained with 
5 10 
Distance (mm) 
FIG. 4. Normalized count rate for the 4.78 keV titanium peak as 
a function of the distance between the two foils (normalization var-
ies with the foil thickness) in the two-foil experiment. Beam energy 
90 MeV; second foil-detector distance 2.5 mm; thickness of the 
first foil 60 iJL%lcxr?. 
single-foil experiment (Fig. 3). Single exponential curve fit-
ting led to determination of the effective lifetime of all the 
levels involved in the peak as given in Table \. In the next 
experiment with two-foil target, normalized x-ray intensities 
were plotted as a function of the separation between the two 
foils [x) (Fig. 4). Data so obtained were fitted with the fol-
lowing equation: 
I(x) = l^e"'"'^ + l2{\ -xlvT2\ (!) 
Here I{x) is the intensity as a function of x. First term rep-
resents the decay of the level associated with 4.78 keV peak. 
Ti was set to a fixed value as obtained from the fit of the 
single foil data as given in Table I. The repopulation of the 
15252/j ^P%2 Isvel froin other levels interacting with the sec-
ond foil which leads to growing structure, represented by 
second term in Eq. (1). T;, is the lifetime of the l5252/:> ^Pli2 
level. Same procedure was applied to all the fixed foils (4, 8, 
12, and 20 figlcxxr). Lifetimes obtained together with previ-
ous theoretical and experimental results are presented in 
Table III. The scatter in the lifetime values at different thick-
ness of the second foil lie within two standard deviations, so 
the average value quoted include two standard deviations of 
error. Further, intensity ratio /2//1 is also given in Table III. 
This ratio approaches equillibrium with increasing foil thick-
ness. 
We now proceed to discuss on the results obtained in 
more detail. The \s2s2p "'fj/j lifetime, determined from our 
single foil measurement as 209±5 ps, might possibly suffer 
from blending due to l52p Vj and 1525 •^ 5, levels. Since the 
lifetimes of these levels are higher than the \s2s2p '^P'^,2 life-
time, our 209±5 ps value provides an upper limit for the 
]s2s2p'P'^/2 lifetime. In principle, two-foil measurements 
should result in l5252p '^P'^/2 lifetimes lower than the value 
209±5 ps, irrespective of the thickness of the second foil. 
Varying the thickness of the second foil gives rise to changes 
in the relative intensities of the lines originating from the 
three levels \s2s2p'^P°,2, ls2p^P'l and 1525-^ 5,. Total ef-
fect for every foil is accounted by the intensity parameter A 
in the above equation. Thus, each two-foil measurement in 
022711-3 
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TABLE in. Lifetime of the ] s2s2p'*P'^,2 's^^ '^ '" Li-like tita-
nium obtained from beam single-foil and beam two-foil experi-
ments at 90 MeV (4.78 keV peak). The thickness of the second 
(fixed) foil was varied. 
Average 
Other work 
Foil thickness 
(/ig/cm^) 
4 
8 
12 
20 
Lifetime(ps) 
215+16 
195±I3 
I83±I5 
207±I4 
200±12 
236+12," 210.5± 13.5*' 
198,'212,'* 205' 
/ j / / , 
0.145 
0.596 
0.706 
0.793 
''Experiment [21]. 
Experiment [20]. 
'Theory [17]. 
•^ Theory [16]. 
'Theory [8]. 
the current study ought to give the actual ]s2s2p '^P'l,p_ life-
time, irrespective of the thickness of the second foil. In ad-
dition, the \s2s2p '^Plii lifetimes, derived from two-foil mea-
surements, should not exceed the value 209 + 5 ps. Average 
lifetime (200±12ps) obtained from one beam energy and 
several fixed foil of different thickness agree well with life-
time (210.5±13.5 ps) measure with one fixed foil and two 
different beam energies (95 and 143 MeV) [20]. Present ex-
perimental \s2s2p^P^i2 level lifetime agrees well with the-
oretical values [8,17]. Our average lifetime is significantly 
lower than the value 236+12 ps reported in an earlier experi-
mental study [21], in which an electrostatic cylindrical mir-
ror analyzer was used for the detection of electrons generated 
through the autoionizing channel. As it is discussed in [21] 
that the influence of cascades as big as 30% requires further 
work for resolving the issue. Thus the technique introduced 
in the current study is capable of disentangling both cascade 
and blending effects. 
In the present experiinent, the distance between the two 
foils in the two-foil experiments did not exceed 18 mm. As a 
result it was not possible to obtain lifetime for the \s2p ^ P'^ 
level from the 130 and 145 MeV data. As discussed above, 
the apparent decay time obtained from the single-foil mea-
surement at 145 MeV may well suffer from contributions 
arising from the \s2s ^S^ level (lifetime 1.014 ns). A longer 
travel between the two foils is therefore required in order to 
disentangle the effect of the H-!ike M\ line from the 
\s2p ^P'2 lifetime measurement. This shortcoming of our ex-
perimental setup is now being rectified in an effort to obtain 
a reliable measurement for the \s2p ^P" lifetime. 
At present, variants of beam-foil method such as beam-
foil technique using two-foil target (beam-two-foil tech-
nique) [5], combininig beam-single and beam-two-foil tech-
nique [4,6] and the present technique varying the thickness 
of the second foil in the beam-two-foil technique exist. 
Beam-two-foil technique [5] was introduced to measure as 
small as 1 ps lifetime that was not possible with conven-
sional beam-foil method. Major advantage of the use of 
beam-single and beam-tv/o-foil technique [4,6] over the con-
vensional beam-two-foil technique [5] was to resolve the 
effect of the Li-like M2 satellite line on the He-like M2 line 
to maximum extent and to determine the lifetime of the up-
per level of the satellite line too. Merits of the present 
method over the earlier [4,6] are mainly to get rid of the 
iterative analysis procedure required to disentangle the He-
like M2 level lifetime from the Li-like M2 level lifetime 
which undoubtedly introduces a major fitting error in the 
analysis. Use of different beam energy in the beam-foil ex-
periments is essential to get a reliable lifetiine. In the present 
method foils of different thickness are used for a single beam 
energy. The reason is the same as to produce excited states 
with different relative population. This fact is obvious from 
/2//1 ratio for different foils as given in Table III. 
IV. CONCLUSION 
A variant of the beam-single and beam-two-foil technique 
[4] has been developed and tested in our laboratory. Our 
beam-two-foil experimental setup in which the thickness of 
the second, fixed foil, was varied that has been applied to the 
measureinent of the \s2s2p "^P^n level lifetime in Li-like Ti. 
Lifetime obtained shows excellent agreement with the earher 
measurement [20] and theoretical results [8,16,17]. 
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Reliable measurement of the Li-like jjTi Is2s2p Vg^j level lifetime by beam-foil 
and beam-two-foil experiments 
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We have determined the lifetime of the Li-like 2^ Ti \s2s2p ^Plij level (210.5±13.5 ps) using data from its 
x-ray decay channel through beam single- and two-foil experiments, coupled to a multicomponent iterative 
growth and decay analysis. Theoretical lifetime estimates for this zero-nuclear-spin ion lies within the uncer-
tainty range of our experimental results, indicating that blending contributions to this level from the He-like 
\slp^P°2 and l.s2,v'5', levels are eliminated within the current approach. A previously reported discrepancy 
between experimental and theoretical \s2s2p P5/2 level lifetimes in 23V may, as a result, be attributed to 
hyperfine quenching. 
DOI: 10.1103/PhysRevA.73.032509 PACS number(,s): 32.30.Rj, 32.70.Cs, 34.50.Fa 
I. INTRODUCTION 
In a previous study [1] we have employed the beam 
single-foil [2] and beam two-foil techniques [3] coupled to 
an iterative multicomponent exponential growth and decay 
analysis, to address blending in lifetime measurements in 
He- and LJ-like j^V (1 = 7/2) levels. The experimental He-
like V \s2p'Pl [1] and \s2s^S^ level lifetimes [4] are in 
good agreeiTient with theoretical predictions [5], whereas the 
experimental Li-like V \.s2s2p'^P"^i2 level lifetime [1] is 
about 21% shorter than theoretical estimates [6-8] obtained 
without considering hyperfine quenching effects [9]. This 
trend is not, however, followed in other nonzero nuclear-spin 
ions. We note, for instance, that the experimental He-like 
CI (1=3/2) \s2p 'P°2 level lifetime (2.2 + 0.3 ns, Ref. [10]) is 
in good agreement with the theoretical value (1.98 ns, Ref. 
[5]), whereas the Li-like CI 1 .s-2,s'2/7 "^f /^j level lifetime 
(0.95±G.2ns, Ref. [10], 0.91 ±0.04 ns, Ref. [11]) is larger 
than the theoretical prediction (0.81 ns, Ref. [12]). However, 
the experimental He-like CI I,s2i''5', level lifetime 
(280±25 ns) is about 26% shorter than the theoretical value 
381 ns [13]. As electron correlation effects in two- and three-
electron ions are not significant, discrepancies of the type 
mentioned above arise froin blending, cascading contribu-
tions or hyperfine quenching. Blending and cascade contri-
butions need to be considered in the analysis of experimental 
data but do not enter theoretical lifetime calculations, 
whereas hyperfine corrections have not been incorporated in 
the theoretical results cited above. 
In order to clarify the origin of such discrepancies be-
tween theoretical and experiinental values, we have under-
taken a continuing investigation into He-like ]s2p^P2 and 
Li-like \s2s2p'^P'^p level lifetiines in ions having zero 
nuclear spin. Hyperfine quenching effects are not present in 
the corresponding ions, thus eliminating a possible source of 
discrepancy between experiinental and theoretical results. 
•'•'Email address: nandi@nsc.ernet.in 
The He-like 1.12^^2 'evel lifetime in -^ N^i (/=0) has 
been determined [14] using the beam-single and beam-two-
foil techniques. Our experimental value (70+3 ps) is in good 
agreement with theory (70.6 ps) indicating that blending and 
cascading contributions have been addressed within our ex-
perimental technique and analysis. Due to the limited beam 
travel, we have not been able to determine the [s2s2p P^ j^ 
lifetime in this ion. 
In the current study, v*'e proceed and investigate the ex-
perimental Li-like \s2s2p ''fj/i '^vel lifetiine in 22Ti, an ion 
having zero nuclear spin. The lifetime for this level has been 
determined by Dohmann et al. [15] by a method, based on 
the Auger electron emission process \s2s2p'^Pli2-{\s^ '5Q 
+ e'), in which an electrostatic cylindrical mirror analyzer 
was used. Although this technique is free from satellite 
blending [1] and the influence of cascades has been taken 
into account [15], a discrepancy persists between the experi-
inental value (236±12 ps) of Dohmann et al. [15] and theo-
retical estimates (205 ps) [6] and 212 ps [12] for this 1=0 
ion. The origin of this discrepancy is addressed within our 
cuirent experimental approach and analysis. Successful 
elimination of blending and cascading contributions from a 
measurement leaves hyperfine quenching as the sole possible 
source of discrepancy between experiinental and theoretical 
lifetimes in nonzero nuclear-spin He-like and Li-like ions. 
II. EXPERIMENTS AND OBSERVATIONS 
The 1^T\ ion beam used in the experiment was obtained 
from the 15 Unit Double Pelletron accelerator at the Nuclear 
Science Centre, New Delhi. A collimated, 3-mm-diameter Ti 
beam was excited by passage through a 90-/.tg/cnr carbon 
target. In the two-foil experiment, a 4-^g/cm" thin carbon 
foil was placed at 2.5 mnn upstream from the detector. The 
experiment was performed using 95 and 143-MeV 22Ti 
beams and a setup similar to the one employed in previous 
studies [1,14]. Details of the current experimental setup, 
which allows for a longer beam travel, may be found else-
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FIG. 1. X-ray spectrum of the 95-MeV ifvi beam incident on 
the 90-;iig/cm^ carbon foil. Inset shows the schematic of the experi-
mental setup; (a) Faraday cup, (b) Silicon Surface Barrier detector, 
(c) gold foil, (d) Germanium Ultra Low Energy detector, (e) colli-
mating system, (f) multiple foil holder, (g) movable foil. 
where [16]. The spectrum, calibrated using a standard ^""Am 
x-ray radiation source, exhibits a prominent peak at 4.78 keV 
(Fig. l).This, peak consists of a blend of transitions from the 
He-like \s2p^P2 and ls2s •'5, levels and the Li-like 
1 s2s2p ''^5/2 Ifivel (Table I). This blending is not expected to 
be resolved by our Germanium ultra-low-energy detector 
(Canberra, model GUL 0035, energy resolution (full width at 
half maximum) of 160eV at the 5.9 keV ^Fc line). The 
resolution degrades up to 220 eV for the observed 4.78-keV 
peak due to Doppler broadening and blending contributions. 
A typical spectrum is shown in Fig. 1 with the experimental 
schematic in its inset. The normahzed intensity variations of 
the 4.78-keV line in the single-foil and two-foil measure-
ments at 143 MeV are shown in Fig. 2. In the two-foil mea-
surements, both at 95 MeV and at 143 MeV, the intensity of 
the line decreases with distance before saturation is reached. 
III. THEORETICAL BACKGROUND 
FIG. 2. Normalized intensities for the 4.78-keV line (beam en-
ergy 143 MeV) as a function of (a) the distance between the foil 
and the detector (single-foil) and (b) the separation between the two 
foils (two-foil experiment, distance between the second foil and the 
detector fixed to 2.5 mm). Single-foil data, (a) dashed line obtained 
from a two-exponent fit, solid line from a three-exponent fit using 
Eq. (2). Two-foil data, (b) solid line obtained by fitting with Eq. (1). 
4.69 keV [17]). We note that, for this level, a substantial 
decay through an autoionization channel (66% branching ra-
tio [6]) is also possible. A theoretical investigation with the 
code GRASP [17] has revealed the presence of 16 Li-like 22Ti 
levels, whose excitation energies with respect to the Li-like 
ground state lie in the energy range 4.673-4.782 keV. These 
levels originate from electronic configurations \s2s^^Sy-,, 
'D 
.3/2.5/2' 
'1/2' Is2s2p T ? l/2,3/2,.V2' ls2p- P|/2,3/2' Pl/2,3/2,.V2' 
and ~P"/23P' The even parity levels in the list mentioned 
above are linked to the Li-like ground state with low radia-
tive transition probabilities [17] and do not contribute to the 
4.78-keV line. With the exception of ls2s2p'*Pl2, the El 
transitions linking the odd parity levels to the Li-like ground 
state are significant [6,171. These levels have very short life-
times and need not therefore be considered further. As a re-
sult, the only Li-like level that will be considered in the 
analysis of the 4.78-keV line is the \s2s2p'^Pl2 level 
{Is2s2p'^P"^p-ls^2s^Sy2 M2 transition, x-ray emission rate 
1.6xl0'*s-'"[6]). 
We note further that a number of He-like levels (cf. Fig. 
3) may also in principle contribute to the 4.78 keV line. The 
In Fig. 3 we present lifetimes and decay modes for He- He-like \s2p ^P" level decays through an M2 transition to 
like and Li-like ^jTi levels of interest to this work. Our in-
. 4r 
48T 
22 
vestigation focuses on the determination of the Is2s2p ^Pj^j 
Li-like level lifetime using its magnetic quadrupole (M2) 
decay channel to the Li-like ground state (transition energy 
the ground state Is'^  SQ by emitting a 4,734-keV x-ray pho-
ton. The \s2s 'SQ level, on the other hand, decays through a 
two-photon process [18], whereas the ]s2p V Q level decays 
to the \s2s ^S| level through an El transition in the vacuuin 
TABLE I. Theoretical lifetimes and transition energies for the levels that may contribute to the 4.78-keV 
line. 
Ion Transition Energy (keV) Lifetime 
Ti^o^ 
Ti •19+ 
Sn-ls2p-'P^ 
-•0 
So 
'1/2 
l s - ' 5 n - l s 2 s - l S , 
1.9^ 25 ^ 5,„-ls2s2pV' ' 5/2 
4.734 [21] 
4.702 [21] 
4.690 [17] 
422 ps [5] 
26.6 ns [5] 
205ps[6], 212ps[12] 
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FIG. 3. Theoretical transition energies, lifetimes, and branching 
ratios in He-like [5,17,18,21] and Li-like [6,17] titanium. 
ultraviolet region [5]. These two levels do not therefore di-
rectly contribute to the 4.78-keV line. The ]s2p^?" and 
\s2p 'P',' levels, with lifetimes of the order of fs [5], do not 
contribute to the decay curves shown in Fig. 2. The only 
other He-like level that needs to be considered is li25''S| 
(lifetime 26.6 ns [5], transition energy 4.702 keV [19]). The 
Li-like ls2s2p''P'^;2 and the He-like \s2p^Pl and \s2s^Si 
levels lie within 50 eV. Since contributions from these levels 
to the 4.78-keV line cannot be resolved by the x-ray detector 
used in our experiment, all three levels were taken into con-
sideration in the analysis of the 4.78-keV data. The H-like 
IV. DATA ANALYSIS, RESULTS, AND DISCUSSION 
The charge state fractions for the UTI beams used in this 
work have been obtained with the code ETACHA [22]. Energy 
losses in the foil were taken into account in the charge-state 
fraction calculation using the code SRIM [23]. Results of ex-
periments performed at GANIL with projectile energies in 
the range 10-80 MeV/A [22] agree with theoretical charge-
state fractions obtained with the code ETACHA. It has been 
further noted (Table 2 in Ref. [14]) that ETACHA predictions 
are consistent with the use of low energy (1.6-2.5 MeV/A) 
CI beams in the investigation of He-like 1 s2p ' 'PQ- 1 S2S S, 
and 1 s2p ^P'Q- 1 s2s ^S^ transitions [24]. Although no charge-
state fraction data are available for joTi beams in the range 
2-5 MeV/A, we note that Dohmann el al. [15] used rather 
low-energy beams (3.6 and 5.0 MeV/A) in their investiga-
tion of He- and Li-like 29Ti lifetimes. This is again consistent 
with the ETACHA prediction that, at low beam energies, and 
for a carbon foil of similar thickness (90 /xg/cm^) to those 
used in Ref [15] (100-160/.tg/cm-), He-like and Li-like 
levels are indeed significantly populated in the post-foil 
beam. We further note that the use of 216-MeV Ti^ "^  beams 
[25] in the measurement of the 1 s2s ^S^ -1 s2p " P? transition 
energy in He-like Ti^ '^' is also consistent with ETACHA 
charge-state fraction predictions. 
The decay curve generated from the single-foil experi-
ment at 143 MeV [Fig. 2(a)] demonstrates the presence of 
two components. The first component is linked to an "effec-
tive" lifetime T, associated with the \s2p'P" and 
2,y"S|/2 level (lifetime 1.014 ns, Ref [20]) decays mainly \s2s2p'^Plp_ levels, whose theoretical lifetimes lie within a 
through a two-photon process to the H-like ground state. For 
this level, an Ml decay by emission of a 4.966-keV photon 
[29] is also possible (decay rate 6.82 X 10^  s"' [20]). This 
line, however, has not been observed in the spectrum, imply-
ing that the H-like 2s S^p level is not promptly populated in 
48n 
our experiment. None of the Be- and B-like 22Ti ions contain 
levels that meet the transition energy as well as the lifetime 
requirements [17] imposed by the 4.78-keV peak. 
factor of 2. The second component is associated with the 
(longer-living) \s2s S, level, for which reliable theoretical 
lifetime values are available. We therefore used the theoret-
ical 1J2,S''5| lifetime value (Table I) in the two-component 
fit of the single-foil data. The lifetime r„ determined in this 
way for the first component (Table II), is 310±6 ps (beam 
energy 143 MeV) and 265 ±9 ps (beam energy 95 MeV). 
These values are larger than the theoretical lifetime of the 
TABLE II. Lifetimes for the Li-like f{[:\ \s2s2p *P°p_ and He-like 22Ti is2p Vj levels, (a) Single-foil data fiUed with two exponents. 
One exponent represents an effective lifetime (T,) for both \s2p^P° and I s2.<i2p * P"^/2 levels, the other (fixed) the li-2,v''5| lifetime, (b) 
Two-Foil data iitted with Eq. (1) (see text). The l.v2/7 Vj level lifetime T2 is determined by fixing T] to the single-foil result r^  and T3 to the 
\s2.s •'5| lifetime, (c) Single-foil data fitted with three exponents [Eq. (2), the lifetime of I,v2.y2p ''Pj^ j was varied and lifetimes of \s2p "Vj 
and ls2s 5, were fixed to 404 ps and 26.6 ns, respectively]. 
Upper 
level 
All (unresolved) 
All (unresolved) 
\s2p^P'l 
l.v2pV° 
\.s2s2p'p;„ 
[s2s2p*Pli-, 
\s2s2p^P]i2 
]s2p^P°_ 
Beam 
energy 
(MeV) 
95 
143 
95 
143 
95 
143 
average 
average 
Experiment 
This work 
ps 
265±9(T,)^ 
310±6(r,)» 
4I9±20(T2) ' ' 
389±18(T2)' ' 
193±13(r,)'^ 
228±14(r,)' 
210.5+13.5 
4 0 4 ± 1 9 
Experiment 
Other work 
ps 
236±12[I5], 200±12 
404 ±40 [15] 
[28] 
Theoretical 
lifetime 
ps 
290 ±29 [26] 
328 ±33 [26] 
212 [12], 205 [6] 
422 [5] 
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TABLE III. Correspondence between processes occurring at the second foil and various terms in Eq. (1) (see text for details). 
Levels before 
the second foil 
Levels after 
the second foil 
Intensity 
component 
Is-^  
(i) Is2s-'5| 
(arising from ls2p''/^2) 
and (ii) ls2pV2 
]s2s'S 
All excited levels giving rise 
to unresolved transitions in 
He- and Li-like ions 
1 s2s2p *P°^/2 (populated by electron capture or 
intrashell transition followed 
by electron capture) 
ls2s2pV5/2 
(populated by electron capture or 
intrashell transition followed 
by electron capture) 
Ii 
l52,v2/5 V5/2 level (205 ps) and lower than that of the 
\s2p "V? level (422 ps), an indication that both levels con-
tribute to this line. This is consistent with ETACHA predic-
tions for the charge-state fractions of the post-foil beam. 
Thus the value T, represents an effective lifetime for both 
ls2p V? and Is2s2p ''P5/2 levels. The values for this effec-
tive lifetime are also in good agreeiTient with estimates ob-
tained from a semiempirical formula (Table II in Ref [26]). 
The curve constructed from the two-foil measurement at 
143 MeV [Fig. 2(b)] decreases at first and reaches saturation 
as the distance between the two foils increases. In order to 
analyze the two-foil data, we followed a similar procedure to 
that employed in earlier studies [1,14] and fitted the data 
using the following equation: 
/W = /,^  -X/VT] + /2(1 , - . » • / I ' T , ) + /3(l _ , -> / - , ) . (1) 
Here, I{x) is the intensity as a function of the distance x 
between the two foils. The growing components are associ-
ated with \s2s2p *P°^p populated as a result of the presence 
of ls2p ^P'{ (T2) and fs2s ^5, (TJ) levels. 
To relate the components in Eq. (1) with processes occur-
ring at the second foil, we introduce a plausible model, sum-
marized in Table III. Intensity / | is associated with levels 
generated from Is^ that give rise to unresolved transitions 
contributing to the 4.78-keV line. I2 is associated with 
\s2s2p^P\i2, originating from \s2p ^P^ levels. IT, is due to 
\s2s2p'*P°^p originating from l.s2.y\S'| levels. ls2s2p'*Pl/2 
levels in A and 73 are populated through electron capture or 
through intrashell transitions followed by electron capture at 
the second foil. 
It is worth noting that a humplike structure is present in 
the range 10-20 mm [Fig. 2(b), two-foil data]. This feature 
is due to delayed cascade feeding of H-like Ti 2s 'Syj and 
2p'Py2V2 levels [27] from high-n Rydberg states, during 
the beam flight between the two foils. Further, these states 
may generate He-like \s2p^P''2 and l.v25''iS| states through 
electron capture processes on colliding with the second foil. 
Similar features have also been observed in other two-foil 
experiments and are being thoroughly investigated. 
A least-square fit of the two-foil data at 143 MeV using 
Eq. (1) was then performed, excluding the data in the 10-20 
mm range. In the fitting procedure, the effective lifetime T] 
was fixed to the value T, ( 3 1 0 ± 6 ps) obtained from the 
single-foil ineasurement. This value has been associated with 
contributions from both ls2p^P° and \s2s2p'^P"/2 levels. 
The value of T^  was fixed to 26.6 ns, the theoretical ls2s ^ i^ 
level lifetime. The decay time TI, associated with the 
1 s2p •^'2 lifetime, is then determined to be 389+18 ps (Table 
II, beam energy 143 MeV). The 95-MeV data were analyzed 
in a similar manner to yield a value of 419±20 ps for T2 
(Table II, beam energy 95 MeV). The average lifetime 
(r,, 404±19 ps) of the ls2p Vj level at the two beam en-
ergies is consistent with an earlier experimental result 
(404±40 ps) in which a flat crystal spectrometer was used 
[15]. This result is also consistent with the theoretical value 
(422 ps, Ref [5]), calculated within the relativistic random-
phase approximation. 
Finally, in order to disentangle the contribution of the 
1 s2p ^ ^2 level from the effective lifetime T„ we employ, in 
place of the first component in the earlier fit of the single-foil 
data, two exponents, as follows: 
I{x)^[l[c • I'le-'''"q + l2e-'''"^. (2) 
Here, T\ represents the Li-like 1 s2s2p '^P'^/2 level lifetime 
and T" the He-like ls2p ''P2 level lifetime. In the fitting, T2 
was fixed to 26.6 ns, J2 was fixed to the value obtained from 
the two-exponent fit of the single-foil data and T" was kept 
fixed at the average ls2p '^P^ level lifetime value 404± 19 ps 
(Table II). The ratio / j : / " was set to the post-foil charge-state 
fraction ratio of Li-like to He-like 22^ 1 ions. A value of 
228±14ps was thus obtained for T[, associated with the 
Is2s2p ^P°,2 level lifetime. Single-foil data at 95 MeV were 
also fitted in this manner to yield a value (193± 13 ps, Table 
II) for the Is2s2p'*f5,2 level lifetime. The average 
1 s2s2p ''Pjp level lifetime from the measurements at the two 
beam energies is 210.5± 13.5 ps (Table II). This value is 
lower than that determined in an earlier experimental study 
(236± 12 ps) [15] and close to our recent beam two-foil mea-
surement (2()0±12ps) in which a different approach was 
used [28]. The Is2s2p "^P^p level lifetime, determined in the 
cuiTent study, is very close to the theoretical value of 212 ps 
[12] calculated within a relativistic Hartee-Fock model. A 
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relativistic calculation in the intermediate-coupling scheme 
[6], in which Dirac-Hartree-Slater wave functions and the 
M0ller two-electron operator were used, gives a value 
(205 ps) that is also within the uncertainty range of our 
present result. 
The analysis followed in the present study closely re-
sembles that in our earlier work [1,14]. We note, however, 
that, this time, the ls2s •'5'| level must be considered explic-
itly in the equations that are used in the fitting procedure. 
This is due to the fact that our present experimental setup 
allows for a considerably longer beam travel than our previ-
ous studies. 
The velocity of the post-foil beam was calculated from 
the beam energy at the exit of the foil. The beam energy was 
calibrated with nuclear resonances. Electronic and nuclear 
energy losses in the foil were taken into account using the 
code SRiM [23]. The uncertainty in the beam velocity is less 
than 1%. In order to minimize the Doppler effect in the mea-
surement, the x-ray detector was placed at 90°±1° with re-
spect to the beam direction. The foils were made parallel by 
maximizing the capacitance at a certain smallest distance. 
Errors in lifetime values arise in this work from statistical 
uncertainties (a) and from the approximations introduced in 
the fitting procedures. Up to la uncertainties were intro-
duced in the intensities so as to include all sources of errors 
which result in the reduced x^ value close to unity. The un-
certainty in each measurement represents one standard devia-
tion in the lifetime value. The average lifetime quoted in this 
work represents a mean of the two measured values A|, AT at 
different beam energies. The reported uncertainty is the stan-
2 dard error (V'A?-HA?/2). 
V. CONCLUSION 
In this work, we have determined the Li-like 
22Ti I s2s2p "^ f 5/2 level lifetime, through its M2 x-ray decay 
channel to the Li-like ground state. Theoretical estimates for 
this lifetime lie within the uncertainty bounds of our experi-
mental result. A two standard-deviation difference between a 
previous experimental result (236±]2 ps [15]) and theoreti-
cal predictions (205 ps [6] and 212 ps [12]) does not there-
fore arise within our measurements and subsequent analysis. 
Experimental He-like Islp^P"^ and Li-like \s2s2p'*P'^p 
level lifetimes for hyperfine quenching free ions, obtained 
with the current experimental setup and analysis, are in good 
agreement with theoretical predictions. The origin of the dis-
crepancies between experimental and theoretical 
\s2s2p '^P'li-^ level lifetimes in Li-like CI [10,11] and V [1] is 
still under investigation and is expected to be addressed by 
experiments capable of resolving the Li-like \s2s2p P^^ 
\s-2s -5|/2 and the He-like ls2p V ^ ^ 1, .2 1 5/2 SQ lines. 
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Abstract 
The lifetime of the 2^P? level in He-like ^^Ni has been measured usins the 
beam-foil time of flight technique with single- as well as two-foil targets at 
various beam energies. This technique disentangles contributions arising from 
the H-like Ml and the Li-like M2 lines and yields a lifetime for the 2 ''Pj level in 
He-like ''^ Ni (70 ± 3 ps) in good agreement with previous theoretical (70.6 ps) 
and experimental (70 ± 3 ps) values. 
1. Introduction 
The beam-foil time of flight technique [1] provides a unique opportunity for investigating 
lifetimes in highly charged ions. This technique however suffers from cascade and blending 
problems, that may be overcome in many cases by perfomiing investigations at different beam 
energies [2]. It has been noted [3] that, in order to obtain reliable lifetimes in highly charged 
ions through beam-foil excitation, the conditions must be set so that the charge state under 
investigation is well below the average charge of the foil-emergent beam. This condition 
however cannot be practically fulfilled for heavy He-like ions and as a result the neighbouring 
charge states may introduce blending, e.g., the He-like M2 line (is^ 'So-ls2p^P2) cannot be 
resolved from its Li-like satellite (ls"2s~Si/2-ls2s2p''Pj„) for Z up to about 50 by the solid 
state detectors that are commonly used in beam-foil experiments. In many cases, the H-like 
Ml line cannot be resolved either. 
In a previous study, we used the beam-single-foil [ 1] as well as the beam-two-foil technique 
[4], appropriate for a wider range of beam energies, to resolve satellite blending in the 
measureinent of the 2-'P° level lifetime in He-like vanadium [5]. In the current study, we 
use the same approach in order to resolve satellite, as well H-like Ml line blending, and 
obtain a reliable lifetime for the 2-'P2 level in He-like -^ **Ni. This level has been investigated 
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with standard beam-single-foil experiments at a higher (340 MeV) beam energy [6]. As 
blending from the H- and Li-like lines had not been considered in the analysis of [6], we have 
reinvestigated the l-'P" lifetime in He-like Ni, taking all possible Mendings into account. 
2. Theoretical background 
The He-like levels 2 ^ P?. 2 ^ P',', 2 ' ?',', 2 -^ Pi;, 2 ^ Sj and 2 ' SQ lie within an energy range of about 
80 eV [7, 8]. The 2 'So level decays through a two-photon process [9, 10] whereas the 2-'Pg 
level decays to the 2 'S i level through an El transition in the VUV region. The 2 ' P" and 2 'P" 
level lifetimes are of the order of femtoseconds. As a result, the only He-like levels that may 
contribute to the 7.8 keV line (figure 1) are the rather long-lived 2 ^ Pj (70.6 ps. [11]) and 2^Si 
(2.3 ns, [11]) levels. 
The Is2s2p ''P^.j Li-like level is linked to the Li-like ground state with a transition energy 
7.73 keV [7], in the vicinity of the 7.8 keV line. Whereas a substantial decay through an 
autoionization channel (42.35%, [12]) is possible, (his level is also linked to the 2 "S1/2 Li-like 
ground slate through an M2 radiative channel (57.65%, [12]). The Li-like Is2s2p ^P^j level 
must also therefore be considered, in principle, in the analysis of the our 7.8 keV data. The 
same holds for the H-like 2^S|/2 level (lifetime 215 ps [17], excitation energy 8.07 keV [18]). 
The 2-S1/2 H-like level decays through a 2E1 (decay rate 3.87(09) s"', [10]) and an Ml 
channel (decay rate 0.78(09) s"', [7]), It is the latter, slower decay that manifests itself in 
figure 1(c) for larger target-detector distances. Although Be- and B-like Ni lines have also 
been observed around 7.8 keV in tokamak plasmas [13, 14], we note that these charge states 
do not contain levels that meet both the transition energy as well as the lifetime requirements 
imposed by the 7.8 keV peak. 
3. Experiments and observations 
The ••''Ni*'^  ions used in the measurements were obtained from the 15 MV Pelletron accelerator 
at the Nuclear Science Centre, New Delhi. A coUimated 3 mm diameter nickel beam was 
excited by passage through a 45 /xg cm~- carbon target. In the two-foil experiment, the thinner 
4 jxg cm"- carbon foil was placed 2.5 mm upstream from the detector. The experiment was 
performed with 163 McV, 160 MeV and 156 MeV '*Ni beams. Details of the experimental 
set-up may be found elsewhere [5]. 
The spectrum, calibrated using a standard -''^Am radiation source, exhibits a prominent 
spectral line at 7.8 keV (figure 1). This peak consists of ablend of transitions from the He-like 
2-'P2and2^S| levels and the Li-like ls2s2p''P5,, level (table 3). This blending is not expected 
to be resolved by the detector that was used in this work. We also note the 8.08 keV line, 
associated with the Ml 1-S1/2-2-S1/2 transition in the H-like ion (table 3). There are some 
unresolved peaks in the low energy region between 1.3 and 2,4 keV. This structure can be 
fitted to four peaks at 1.5, 1.8, 2.0 and 2.2 keV (figure 1). A preliminary investigation showed 
that lifetimes for the first three peaks fall in a 100-125 ps range. Two of these lines have been 
tentatively associated with Li-like Ni transitions. Clearly, better spectral resolution is required 
to identify these unknown transitions conclusively. 
The normalized intensity variations of the 7.8 keV peak in the single-foil and two-foil 
measurements at 163 MeV are shown in figure 2. The exponential decay (figure 2(a)) trend 
in the single-foil measurement may be represented in terms of an apparent decay time. In the 
two-foil (figure 2(b)) measurement we note that the intensity of the line under investigation 
grows as the separation between the two foils increases. 
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Channel number 
2000 
Figure 1. Single-foil energy spectra at (a) 0.15 mm, (b) 4.8 mm and (c) 7.5 mm target-detector 
distances. Line energies in keV, beam energy 163 MeV, thickness of carbon foil 45 /ig cm~^, 
energy per unit channel 4.4575 eV. Energy resolution: 165 eV at 5.9 keV (static source), which 
worsens for a moving source due to Doppler broadening. The figure clearly .shows that, as the 
target-detector distance increases, the peak around 8 keV is split into two peaks. 
4. Data analysis, results and discussion 
The charge .state fractions for the •^ ^Ni'^ '" beam used in this work, obtained with the code 
ETACHA [15], are reported in table 1. Energy losses in the foil were considered in the 
calculation. Those charge state fractions are useful as they provide an indication as to the 
type of ions that are present when the beam leaves the carbon foil. Results of experiments 
performed at GANIL with 10 MeV A"' ions [15] agree with equilibrium as well as non-
equilibrium predictions of theoretical charge state fractions obtained with the code ETACHA. 
However, no such studies exist for Ni beams in the range of 2-5 MeV A"'. Interestingly, Berry 
et al [l6] used low energy 1,6 to 2,5 MeV A"' CI beams to observe He-like 2 ^^ P?-2 ^ S, and 
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Figure 2. Normalized count rates for the 7.8 keV peak (beam energy 163 MeVj as a function of 
(a) the distance between the foil and the detector (single-foil) and (b) the separation between the 
two foils (two-foil cxperimcnl, distance between the second foil and the dclcclor fixed lo 2.5 mm). 
Solid lines represent a single exponential fit to the data (cui've a) and a ht to the data using 
equation (2) (curve b. see text) respectively. 
Table I. Theoretical charge state fractions for the nickel beam as it leaves the foil (code ETACHA 
|15J). Foil thickness in ng cm"' , Qi„c 'he charge state of the incident beam. 
Beam energy 
MeV 
340-' 
163'' 
160'' 
156'' 
Sine 
26 
12 
12 
12 
Thickness 
lig cm~^ 
42 
45 
45 
45 
Ch 
H-like 
3.3 
0.05 
0.043 
0.038 
arge state fraction (% 
He-like 
57.4 
4.4 
4.1 
3.8 
Li-like 
31.5 
16.9 
16,3 
15.6 
Be-like 
6,9 
28.0 
27.6 
27.1 
•' Dunfordf/a/[6J. 
' 'This work. 
Table 2. Theoretical (code ETACHA 115J) charge state fractions for a ]^C\*^ beam (b earn energy 
56 MeV) and a ^Cl^"'' beam (beam energy 88 MeV) emerging from a 20 fig cm~- carbon foil (as 
used in the experiment of Berry et al [16J). Fit denotes the charge state fraction (%) for the nth 
lomc state 
.56 MeV 
88 MeV 
Fll 
1.85 
0.76 
F12 
8.49 
4.38 
F13 
24,41 
16,16 
FI4 
38,83 
35,33 
F15 
22,7 
35,94 
F16 
3,28 
9.93 
F17 
0.14 
0.37 
2 •'Po-2 ^S] transitions. This observation is consistent with the ETACHA predictions shown in 
table 2 and strengthens our confidence in the validity of the charge slate fractions reported in 
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Table 3. Theoretic-al energies and lifetimes for tlie unresolved lines tlial may contribute to the 
7.8 keV peak. 
Ion Line Energy (keV) Lifelime 
Ni^ *-* l'So-2-'P^' 7.786[81 70.6ps[ l l ] 
Ni2«* l ' S o - 2 ' S | 7.732 [8J 2.3 ns [11J 
Ni-^+ l2s , /2-2V3 ' , , 7.725 [7] 43ps |12 | 
Ni"* I 'Si /2-2-S| /2 8.07 [18] 215ps|17J 
Table 4. Apparent decay limes r, and r, in '''*Ni. r, is associated with the H-like 2 ^S]/2, the 
He-like 2 ' ?^ and 2''Si and the Li-like ' 'Pj , , levels, z^. represents an effective contribution of all 
those levels except 2-'P2. T, is obtained from a one-exponent fit of the single-foil data, z,, from a 
two-exponent fit of the iwo-foil data (equation (2)) fixing ij to TJ. 
Beam energy (MeV) 
163 
160 
156 
Average lifetime 
Peak energy 
(keV) 
7.8 
7.8 
7.8 
Lifetime 
Tp 
1.30 ± 12 
118 ± 8 
146 ± 13 
131 ±8 
(ps) 
r, 
84 ± 5 
81 ±6 
90 ± 5 
85 ± 3 
table 1 for the ''^Ni'^'' beam used in this work. It may also be seen from table 1 that the H-like, 
He-like and Li-like charge slates account for less than 30% of the ions emitting K x-rays. 
All four lines reported in table 3 may contribute to the 7.8 keV peak, depending on the 
experimental conditions (foil thickness, beam energy, target-detector distance). We first fitted 
the decay curves at those beam energies with a single exponent and the apparent decay times 
Tj determined in this manner are reported in table 4, Since the charge state fractions at beam 
energies 156-163 MeV do not differ significantly (table I), the average apparent decay time 
from the single-foil experiments is also reported in table 4. 
hi order lo fit the two-foil data, we proceed along similar lines to those followed in an 
earlier study [5]. We note however that an additional growing component due to the H-like 
Ml transition should be considered. This H-like line, which was resolved in a previous 
experimental study on vanadiuin [5], is also resolved at larger target-detector distances in the 
current study (figure 1(c)). This line is not resolved for small and intermediate target-detector 
distances (figure 1(b)). The 2 -S1/2 level can generate He-like and Li-like ionic levels by 
capturing one or two electrons as it passes through the second foil. Equation (3.3) of [5] thus 
becomes 
/(x) = /, e""''"' +I2O - e-''"') + ha - e""/"'') + /4O - e-''"') + /^(I - e""''"') + 4 
(1) 
Here l{x) is the intensity as a function of the distance x between the two foils. 
The total intensity contribution in the two-foil experiment is due to four growing 
components related to the presence of Z^P?^, (''z)' '^^^2 (^ .i)- 2-^S: (14) and 2 ^81/2(15) levels 
having theoretical lil^times of 43 ps [12], 70.6ps [11], 2.3 ns [11] and 215 ps [ 17] respectively 
(table 3). The average apparent decay time determined from the single-foil experiments is 
85 ± 3 ps (table 4). This result is larger than the theoretical (70.6 ps) 2 •'Pj lifetime and suggests 
possible blending due to Li-like 2'^P°p and H-like 2-S1/2 lines. The growth of the counts 
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Table 5. Lifetime 
experimenia! data. 
Ion 
Ni26+ 
Ni26+ 
J\Ji26+ 
Average lifetime 
n for the 2-'P5 level in He-lilie 
Single-foil data fitted with two ex| 
Beam 
Energy (MeV) 
163 
160 
156 
Line 
Energy 
7.8 
7.8 
7.8 
(keV) 
'^Ni and comparison with theoretical and 
ponenis, .see equation (3) and text. 
Experiment 
This work 
70 ± 5 
67 ± 6 
74 ± 6 
70 ± 3 
Lifetime (ps) 
Experiment 
Other work 
-
-
-
70 ± 3 | 6 | 
Theory 
-
-
-
70.6 1111 
in the 163 McV two-foil experiment at small separations (figure 2) implies that the growing 
component supersedes the decaying one. If an apparent decay time T^ . for Z^'P^.j, 2-'vS| and 
2 ^Si/2 is determined from the two-foil data, the (collective) contribution of these components 
can then be used in the analysis of the single-foil data in order to extract the 1^?° lifetime. On 
this basis, equation (1) is written as 
/(x) = / , e - ' ' ' " ^+4( l - e - - ' " / " ' ) + /6 (2) 
where Xg is an apparent decay time associated with Li-like 2^*?^,, He-like 2-'S| and H-like 
2^81/2 levels. 
A least square fit of the Iwo-foil data at 163 MeV using equation (2) was then performed. 
In the fitting procedure, the apparent decay time T| was fixed to the value T, (84 ± 5 ps) 
obtained froin the single-foil measurement. The apparent decay time T,, is then determined to 
be 130 ± 12 ps (table 4, beam energy 163 MeV). 
Finally, in order to disentangle the contribution of the 2''P°,2, 2^S|, and 2 -S1/2 levels 
from the apparent decay lime Xs determined from a one-exponent fit of the single-foil data and 
thus obtain a value for the 2 •'Pj lifetime, we have repealed the analysis on the single-foil decay 
curve at 163 MeV. The decay curve was filled this time with two, rather than one, exponents 
as follows: 
I{x) = / ,e~' ' '" '-f/2e~'"' '" ' . (3) 
In this fitting procedure, the apparent decay time Xc due to2''P5„, 2-'S| and 2 •^ S1/2 levels was 
kept fixed at 130 ± 12 ps (table 4) and a value of 70 ± 5 ps was obtained for z\, associated 
with the 2-^^' lifeliine (table 5). The 160 MeV and 156 MeV data were analysed in a similar 
manner to yield apparent decay times r^ . and x,, (table 4) and eventually the 2-'P2 lifetime 
(table 5). 
The velocity of the post-foil beam was calculated from the beam energy at the exit of 
the foil using the code SRIM [19]. The uncertainty in the beam velocity is less than 1%. 
The x-ray detector and the beam velocity are at 90° ± 1° to eliminate the Doppler shift in the 
measurement. The parallel translation of the first foil relative to the second has been achieved 
by moving individual actuators until the highest capacitance was obtained. Uncertainties in r,. 
values are therefore due only to the statistical uncertainties in the line intensities. Uncertainties 
in T(, arise as a result of the approximations introduced in the fitting procedures (equation (2)) as 
well as from statistical uncertainties in the line intensities. The total error in T^  was accounted 
for by introducing three statistical uncertainties in the line intensity. In the subsequent two-
exponent fitting of the single-foil data using equation (3), the uncertainty in r,, was accounted 
for by introducing two statistical uncertainties in the line intensities. Therefore, within the 
iterative fitting procedure einployed in this work, the uncertainties in the quoted lifetimes in 
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tables 4 and 5 represent one standard deviation only. This choice restricts the reduced x ' close 
lo unity in both cases. The average lifetime for the 2^?^ level determined in this experiment 
is therefore 70 ± 3 ps (table 5). This result is consistent with previous theoretical (70.6 ps, 
[11]) and experimental (70 ± 3 ps, [6]) values. 
In a previous study [6] the •''^ Ni data are fitted with two exponentials and a constant 
background. The first component, corresponding to I-*?" [6], is associated with a lifetime 
of 70 ± 3 ps in agreement with the average lifetime reported in this work (table 5). The 
second component in [6], associated with a lifetime of the order of 2 ns, has been related to 
the presence of 2 'Pg and 2-'Si levels. We note that, for the beam energy used in [6], the 
theoretical H- and Li-like charge state fractions are smaller than the He-like one (table 1). 
In contrast, for the beam energies used in the current study, the Li-like charge state fraction 
is higher than the He-like fraction. Further, although the H-like charge state fraction is very 
small, it nevertheless shows up in our spectrum (figure 1). H-like blending is more significant 
however at higher beam energies. Thus, the presence of the H-like Ml line and the Li-like 
satellite line needs to be addressed in the analysis of data. It is interesting to note that the 2 •'Pj 
level lifetimes, determined in [6| and in our study using different beam energies, experimental 
set-ups and data analysis are nevertheless in good agreement. 
The average value of the apparent decay time TJ. (131 ± 8 ps, table 4) lies between the 
theoretical lifetimes of the 2 -S1/2 level in H-like Ni (215 ps, [17]) and the 2''P°^2 's^ '^ ' ' " Li-
like Ni (43 ps, [12]). Further, the apparent decay time r, in the single-foil experiment (85 ps, 
table 4) is higher than the 2 -^ Pj level lifetime. Those observations are consistent with blending 
in the 7.8 keV line arising from the H-like 2 ^S|/2 level. We have recently developed a set-up 
that enables us to perform the experiment for longer distances (up to a 100 mm travel). This 
is expected to disentangle the H-like 2 "S1/2 contribution, thus allowing for the determination 
of the 2 ^Si/2 lifetime. A high-resolution x-ray spectroscopy set-up is also being developed in 
our laboratory in an effort to investigate the relative strengths of the blending lines at 7.8 keV 
and also to identify the unknown transition between 1.3 and 2.4 keV. 
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This report presents a theoretical study of an electrostatic charge state analyzer, having one of its 
electrodes inclined and the other one straight with respect to the beam axis. This type of analyzer 
can be used in studying the charge state distribution of the postfoil beam, with a resolution better 
than that of the conventional parallel plate geometry. Even at high beam energies (>5 MeV/A) this 
analyzer, unlike the conventional one, would be useful with a reasonable bias and moderate drift 
length. © 2004 American Institute of Physics. [DOI: 10.1063/1.1808910] 
Knowledge of postfoil charge state distributions is al-
ways useful in selecting the beam energy for a particular 
charge state of interest with maximum yield. Besides the 
magnetic analyzers, a conventional technique frequently 
used for studying this distribution in postfoil beams up to a 
few MeV/A is a parallel plate electrostatic analyzer 
(PPESA),'"-^  One of the disadvantages with a PPESA at high 
energies (>5 MeV/A) is due to its low spatial resolution 
with moderate bias potentials. This resolution can be sub-
stantially improved by increasing the drift space downstream 
of the analyzer limited by the divergence of the beam. An-
other way of improving the resolution is either by applying 
higher plate voltage or by using longer electrodes. But ap-
plying higher voltage risks, after a certain limit (e.g., about 
100 kV/cm at 10"'' Torr for stainless steel), discharging be-
tween the electrodes. Moreover, the problem of ions hitting 
the plate at higher charge states, may restrict the use of 
longer plates, thus limiting the use to a few charge states. 
Nevertheless longer plates are preferred as the deflection var-
ies quadratically with plate length and linearly with plate 
voltage. 
An alternative is to use an Inclined and Straight Plate 
Electrostatic Analyzer (ISESA) in which only one plate is 
held parallel and the other kept inclined at a certain angle 
relative to the beam axis. Therefore an ISESA is asymmetric 
about the beam axis. It is essential to apply the voltages to 
the plates in such a manner that the beam is deflected to-
wards the inclined one. A small gap between the plates at the 
entry causes large deflections due to a high field. As the ions 
move forward, the gap increases (causing a lower field) so 
that the ions can escape without hitting the plate. This incli-
nation of one deflecting plate allows better resolution of 
charge states and increases the number of charge states es-
caping without hitting the plate. 
When both plates in the analyzer are inclined at a certain 
angle with respect to the beam direction, we call it an In-
clined Plate Electrostatic Analyzer (IPESA). This device is 
well known in systems in which a beam of charged particles 
must be deflected by large angles, as for example in fast 
cathode ray tubes. It has been used also for the detection of 
evaporation residues and heavy recoil nuclei. In this article, 
ion trajectories in an IPESA have been calculated numeri-
cally. Such solutions are used to also describe the ion trajec-
tories in an ISESA. 
Ignoring fringing field effects, the potential as well as 
the fields vanish outside of the electrode arrangement. In the 
gap between the plates, i.e., for R<p<R + l, in an IPESA 
[Fig. 1(a)] the equation of motion of a particle of charge q 
can be described in polar coordinates p, 6 as 
i{p-pe') = qE,=0., 
ni(pe+2pff)=qEg=^. 
The kinetic energy of such an ion can be expressed as 
W= -rnv 
2 
^--m{p- + p''e')=W„ + qV-
(1) 
(2) 
(3) 
'"Author to whom correspondence should be addressed; electronic mail: 
nandi@nsc.emet.in 
where v is the velocity of the particle in the field region. 
Rearranging and then integrating Eq. (2) with respect to t we 
obtain 
• qv 
pO=^-^^^-t, 
pm0„ 
where / is time taken by the ion to cross the electric field 
region putting v=dsldt in Eq. (3), / can be expressed as 
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